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Honorable Commissioner of Patents and Trademarks 

Washington, D.C. 2,0231 
Sir: 

I, DR. WERNER LESSLAUER, a citizen and resident of Basle, 
Switzerland, declare as follows: 

I am the declarant of the Declaration [I] filed together with 
this Declaration. 

From 1987 until the present, I have been employed in the 
biology departments of the Central Research Unit and the Central 
Nervous System Research Department of F . Hoffmann-La Roche Ltd, 
Basel, Switzerland [Roche] where my present position is that of 
Scientific Expert, responsible for directing and leading various 
research groups in protein, cell and molecular biology. 

Part of my duties at Roche has involved methods and 
procedures for protein purification and testing carried out with 
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such proteins which include the TNF-a receptor protein as well as 
fusion proteins containing the TNF-a receptor protein. 

I am one of the co-inventors of the invention disclosed in 
the captioned application which claims a soluble TNF-a 

receptor/IgG fusion protein and I have been involved and familiar 
with the preparation and testing of said fusion protein. 

As seen from Evans et al., Journal of Experimental Medicine, 
Rockefeller University Press, Vol. 180, December 1994, pp. 2173- 
2179 which is attached herein as Exhibit A, there are two distinct 
TNF-a receptor proteins, i.e., a 75 kDa protein and a 55 kDa 

protein which cell membrane receptor proteins have soluble or 
extracellular portions in addition to transmembrane and 
intracellular portions. 

The captioned application claims a fusion protein formed by 
the fusion of the soluble or extracellular portion of the TNF-a 

receptor and parts of the IgG heavy chains as well as claims 
those specific fusion proteins where the TNF-a receptor in the 

fusion protein constitutes the extracellular or soluble portion of 
either the 55 kDa protein or the 75 kDa protein. 

This Declaration is submitted to demonstrate: 

a) that the claimed TNF-a receptor IgG fusion protein 
[TNFR/IgG] has superior activity which cannot be 



predicted from the activity of the TNF receptor protein 
itself or from the CD4/IgG fusion protein disclosed by 
Capon et al.. Vol. 337, p. 525, February 9, 1984 in 
that: 



1) the TNFR/IgG has far superior binding affinity for 
its ligand in relation to the binding affinity of 
the respective soluble receptor and 



2) the TNFR/IgG has far superior activity in 
neutralizing TNF cytotoxicity than the soluble 
receptors themselves; and 



b) that the claimed 55 kDa soluble TNF-a receptor/IgG 

fusion protein [55 TNFR/IgG] has far superior properties 
when compared to the 75 kDa soluble TNF-a receptor/IgG 

fusion protein [75 TNFR/IgG] . 

Fusion Protein Has Supf^rior 
Properties Over The Receptor P rotein 

To demonstrate that the soluble portion of 55 TNFR/IgG fusion 
protein has far superior properties than the soluble 55 TNF 
receptor protein, the following reference in addition to Evans of 
Exhibit A is attached and made Exhibit B: 



Loetscher et al.. Journal of Biological Chemistry, No. 27, 
pp. 18324, September 25, 1991 [Loetscher]. 
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To demonstrate that the soluble portion of TNF 
receptor/fusion protein has superior properties which could .not be 
predicted from the CD4/IgG fusion protein, the following reference 
is attached as Exhibit C: 

Capon et al., Nature, Vol. 337, February 9, 1989, p. 525 
[Capon] . 

I am one of the co-authors of the Loetscher article and the 
Evans article and am familiar and have participated in the 
preparation and testing of the soluble TNF-a receptors and its IgG 

fusion proteins as reported in these articles. 

Loetscher and Evans [Exhibits A and B] disclose the 
recombinant soluble form of the human 55 TNF receptor protein, 
which has an apparent molecular weight of about 28 kDa as well as 
recombinant expression and purification from cell culture 
supernatants of the IgG fusion proteins formed with each of the 
soluble portion of the 75 TNF receptor being called TNFR-a and the 

soluble portion of the 55 kDa portion being called TNFR-15 . 

Fig. 2 of Loetscher [Exhibit B] sets forth the dissociation 
constants [K^^] of the recombinant extracellular 55 TNFR protein 
and the 55 kDa TNFR/IgG fusion protein with TNF-a and TNF-B 
ligands , 



The dissociation constant, represents the interaction of 

the receptor protein with its ligands, with the reciprocal of the 
K^i being the equilibrium constant. 

The equilibrium constant represents the association of a receptor 
protein and its ligand. The greater the equilibrium constant the 
greater the amount of such binding which occurs under given 
conditions. 

In view of the fact that the equilibrium constant is the 
reciprocal of the dissociation constant K^, the lower the 

dissociation constant, the higher the equilibrium constant and the 
greater the affinity of the receptor to bind its ligand. 

In Fig. 2 of Loetscher, the values for the 55 TNFR/IgG 

fusion protein and the 55 TNFR protein with their ligands TNF-a 

and TNF-li were determined by the Scatchard analysis which is the 
standard method for determining K^. 

As seen from the bottom six graphs in Fig, 2 of Loetscher, 
the results of the Kds are as follows: 



Protein 



TNF-g 



TNF-B 



55 TNFR (Baculovirus) 

55 TNFR 

55 TNFR/IgG 



0.38 nM 
0.34 nM 
0.10 nM 



0.52 nM 
1.60 nM 
0 . 12 nM 



As seen from the results in this Table, the 55 TNFR/IgG 
fusion protein has at least a 3-fold smaller K^, and therefore at 

least three times greater binding affinity than the corresponding 
soluble TNFR protein. 

In Fig. 5 of Loetscher [Exhibit B] , the dose-dependent 
inhibition of TNF cytotoxicity by the 55 TNFR/IgG fusion protein 
and the soluble 55 TNFR receptor protein is demonstrated utilizing 
the cytotoxic agents TNF-a [graph A] and TNF-B [graph B] . 

As stated in Loetscher [Exhibit B] , in reviewing the results 
of their test which demonstrates that the TNFR-Ii/IgG fusion 
protein, referred to by Loetscher as rsTNFRB-hyS, was markedly more 

effective than the soluble 55 TNF receptor protein, which 
Loetscher refers to as rsTNFRfi (p. 18327): 

"As expected from the binding studies, rsTNFRB-hY3 very 
efficiently inhibited TNF activity; at a concentration of 0.1 
pmol/ml, i.e., equimolar to the TNFa concentration used in 

the assay, rsTNFRii-hY3 prevented TNFa-induced cytolysis very 
efficiently (Fig. 5A) , rsTNFRB also had inhibitory act ivity 
but a concentration about 100-fold in excess of TNFa was 
needed for complete inhibition. TNFfi-induced cytotoxicity 
was also inhibited by the fusion protein, albeit not at 
equimolar concentrations. The protective effects of rsTNFRfi 
in these cytotoxicity assays were only evident at rather high 
concentrations (Fig. 515)." 

As shown in Fig. 5, the protection of cells from the 
cytotoxic activity of TNF-a and TNF-B with the 55 TNF/IgG receptor 

fusion protein at a given dose level was much greater when 




compared to the survival level of these cells protected by the 
extracellular domain of the 55 TNF receptor protein. 

Fig. 5 in Capon compares the inhibition of infection of' cells 
through the use of recombinant soluble CD4 [rCD4] to inhibition 
afforded by the CD4/IgG fusion proteins which Capon refers to as 
the CD4 immunoadhesins and Capon concludes in the statement on p . 
52 9, right bottom of Exhibit C that 

"Both the CD4 immunoadhesins blocked cell killing with the 
same potency as soluble rCD4, without inhibiting cell 
proliferation. . 

Furthermore, the dissociation constant K^^ for the interaction of 
two distinct CD4/IgG molecules with their ligand gp 120 was 
indistinguishable from that of soluble CD4, demonstrating that the 
CD4/IgG fusion proteins exhibit no greater inhibition of infection 
from that obtained by the soluble CD4 protein and that the 
affinity of the soluble CD4 protein and the soluble CD4/IgG fusion 
protein for its ligands are the same. 

Superior Properties? of the kPa Fusion Protein 

Evans [Exhibit A] compares the ability of the 55 TNFR-IgG and 
75 TNFR/IgG fusion proteins to protect against death in a murine 
model of gram negative sepsis with the results of this study with 
regard to the 75 fusion protein being set forth in Fig. 1 and 3 
and the results with regard to the 55 fusion protein being set 
forth in Fig. 5 and 6. 



In Fig. 1 and 3 of Evans, the dose of the 75 TNF/IgG protein 
given is 250 |ig while the dose of the 55 TNF/IgG protein in tig. 5 
is far lower, i.e., 50 jlg and in Fig. 6 is 200 |lg per animal. 

Comparing the results in Fig. 1 with those in Fig. 5 at 30 
hours, approximately 60% of the mice treated with a 50 |lg dose of 

55 TNF/IgG survived whereas only about 40% of the mice treated 
with 75 TNFR/IgG survived even though a higher dose of 250 |-Lg was 

utilized. 

More importantly as seen by the results of Fig. 6 of Evans, when 
the dose of the 55 TNFR/IgG fusion protein is increased to 200 |ig, 
50 )ig less than the dose of the 75 TNFR/IgG fusion protein in 

Fig. 1 and Fig. 3, over 80% survival was obtained after about 70 
hours as compared to 30% (Fig. 1) or even 10% (Fig. 3) survival 
during this period with a higher dose of 75 TNFR/IgG (Fig. 1 and 
3 . of Evans) . 

Conclusion 

1. As seen from the above results, the soluble 55 TNF-a 

receptor IgG fusion protein has superior binding activity to its 
ligands than that of the soluble 55 TNF-a receptor itself. 



2. As seen from the above results, the soluble 55 TNFR/IgG 
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fusion protein has superior activity in neutralizing TNF 
cytotoxicity than the soluble receptor protein. 

3. The ability of the soluble TNF-a receptor/IgG fusion 
protein to demonstrate superior binding activity to its ligand and 
superior neutralization of TNF cytotoxicity than the receptor 
protein itself makes this fusion protein a far superior 
pharmacological agent in combatting TNF challenges to the system 
than the soluble receptor protein from which the fusion protein is 
formed. 

4 . That the far superior pharmacological activity of the 55 
TNF-a receptor/IgG fusion protein over the soluble 55 TNF-a 

receptor protein cannot be predicted from a comparable activity of 
IgG fusion proteins with other receptor proteins since as seen 
from the above results, the IgG fusion protein formed with the 
soluble portion of CD4 does not demonstrate such superior 
pharmacological activity when compared with the soluble CD4 
protein itself. 

5. That the foregoing results demonstrate that the 55 kDa 
soluble TNF-a receptor/IgG fusion protein has far greater 

pharmacological activity than the corresponding 75 kDa soluble 
TN-F-a receptor IgG fusion protein in the animal model for gram 

negative sepsis, 

I hereby declare that all statements made herein of my own 



knowledge are true and that all statements made on information and 
belief are believed to be true; and further that these statements 
were made with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that 
such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 

Werner Lesslauer 
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Recombinant 5i;ikDa Tumor Necrosis FactoF(TNF) Receptor 

STOICHIOMETRY OF BINDING TO TNFa AND TNFd AND INHIBITION OF TNF ACTIVITY' 

I Received for publication. Februar\- 21. 1991 - 

Hansruedi Loetscher^S, Reiner Gentzt, Martin Zulauft, Ariel LustigH/Hisahiro TabuchilU Ernst- 
Juergen Schlaegert. Manfred Brockhaust* Harald Gallatit, Michael Mannebergt, and 
Werner Lesslauert ' 

From the tPharma Research New Technologies, f. Hoffmann- LaRoche Ltd.. CH-4002 Basel. Switzerland, the ^Biocenter, 
University of Basal. CH-4056 Basel, Switzerland, and the WNippon Roche Research Center, Department of Molecular Genetics. 
Kamakura. Kanagawa 247, Japan 



The extracellular domain of the 55-kDa TNF recep- 
tor (rsTNFR^) has been expressed as a secreted protein 
in baculovirus-infected insect cells and Chinese ham- 
ster ovary (CHO)/dhfr~ cells. A chimeric fusion protein 
(rsTNFR^-h73) constructed by inserting the extracel- 
lular part of the receptor in front of the hinge region 
of the human IgG C73 chain has been expressed in 
mouse myeloma cells. The recombinant receptor pro- 
teins were purified from transfected cell culture super- 
natants by TNFa- or protein G afHnity chromatogra- 
phy and gel filtration. In a solid phase binding assay 
rsTNFR^ was found to bind TNFa with high affinity 
comparable with the membrane- bound full-length 
receptor. The affinity for TNF^ was slightly impaired. 
However, the bivalent rsTNFR4-h73 fusion protein 
bound both ligands with a significantly higher affinity 
than monovalent rsTNFit9 reflecting most likely an 
increased avidity of the bivalent construct. A molecu- 
lar mass of about 140 kDa for both rsTNFR^ TNFa 
and rsTNFR^ TNF/9 complexes was determined in an- 
alytical ultracentrifugation studies strongly suggest- 
ing a stoichiometry of three rsTNFIL? molecules bound 
to one TNFa or TNFd trimer. SedimenUtion velocity 
and quasielastic light scattering measurements indi- 
cated an extended structure for rsTNFRd and iu TNFa 
and TNF0 complexes. Multiple receptor binding sites 
on TNFa trimers could also be demonstrated by a 
TNFa-induced agglutination of Latex beads coated 
with the rsTNFIW.h73 fusion protein. Both rsTNFIW 
and r8TNFRd-h73 were found to inhibit binding of 
TNFa and TNFtf to native 55- and 75-kDa TNF recep- 
tors and to prevent TNFa and TNF0 bioactivity in a 
cellular cytotoxicity assay. Concentrations of rs- 
TNFRd-h73 eqoimolmr to TNFa were sufficient to neu- 
tralize TNF activity almost completely, whereas a 10- 
100-fold excess of rsTNFR^ was needed for similar 
inhibitory effects. In view of their potent TNF antag- 
onizing activity, recombinant soluble TNF receptor 
fragmenU might be useful as therapeutic agents in 
TNF-mediated disorders. 



• The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked advertisement" in accordance with 18 U.S. C. Section 1734 
solely to indicate this fact. 

§ To whom correspondence should be addressed: Pharma Research 
New Technologies. F. Hoffmann-LaRoche Ltd.. PRTB. Bldg. 15/40. 
CH-4002 Basel. Switzerland. Tel.: 61-6883259: Fax: 691-9391. 



Tumor necrosis factor (TNF)* a and 3 are two closely 
related cytokines with about 30% sequence homology (1-3). 
Their genes are closely linked in the major histocompatibility 
complex of mammals (4). TNFa and TNFd are primarily 
produced by activated macrophages and lymphocytes, respec- 
tively (5, 6). Based on crystallographic (7. 8) and analytical 
centrifugation studies (9) both cytokines are believed to form 
trimers. A wide variety of TNFa and TNF5 activities in vitro 
has been described including growth enhancement of fibro- 
blasts (10), growth inhibition or lysis of some transformed 
cells (11), differentiation of human myeloid cell lines (12), 
and induction of the expression of cell surface molecules .( 13- 
15). In uivo TNFa induces hemorrhagic necrosis of certain 
transplantable tumors (16, 17), is involved in immune and 
inflammatory reactions (18-20). and mediates lethal effects 
in endotoxin -induced septic shock (21-23). 

We have identified two human TNF receptors of about 75- 
and 55-kDa apparent molecular masses (in the present paper 
called TNFRa and TNFR^. respectively) by chemical cross- 
linking with radiolabeled TNFa (24) and by binding of mono- 
clonal antibodies generated against isolates of the receptors 

(25) . Subsequently, both receptors have been purified from 
HL60 cells and partial amino acid sequences were determined 

(26) . More recently, the cDNAs of TNFRq and TNFRJ were 
isolated by us (27, 28) and several other groups (29-34). The 
two receptors show similar cysteine-rich motifs in their extra- 
cellular domains and belong to a new cytokine receptor gene 
family which includes the nerve growth factor receptor. CD40. 
and OX40 antigens (28. 35). 

Soluble fragments of both TNF receptors have been found 
to be present in human serum and urine (36-40). In cenain 
disease sutes receptor shedding appears to be increased UO. 
41). Soluble TNF receptors have also been identified it^ell 
culture medium of some transformed cell lines (32. 42) and of 
stimulated polymorphonuclear leukocytes (43). In functional 
studies the natural TNF receptor fragments have been shown 
to protect cells from TNFa-induced cytotoxicity 1 36-39) and. 
in a recent report, to prevent TNFa-induced hemorrhagic 
necrosis of a transplanted Meth A sarcoma in BALB/c mice 
(40). The TNF-antagonizing effects of the soluble receptor 
fragments in vitro and in viuo imply a specific interaction 
with TNFa and TNF^ which might be an important regula- 
tory mechanism of TNF action. 



' The abbreviations used are: TNF. tumor necrosis lactor. TNFR.i 
75-kDa TNF receptor. TNFRi3. 5o-kDa TNF receptor r<^TNFRJ 
recombinant soluble TNFRjJ; rsTNFRd-h>3. recomomant ?olubie 
TNFRJ-human IgG C73 fusion protein; PBS. phosphate huiierec 
saline: SDS-PAGE. sodium dodecyl sulfate-poivacr\ ;arr.i;:e sjei eie^ 
trophoresis: CHO. Chinese hamster ovary. 
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In the present work a Teajf"^^ int soluble form of the 55- 
kDa TNF receptor trsTNTRVIvSis produced in high yields in 
different eukaryotic expression systems. The rsTNFRi was 
also expressed as a human IgG C73 fusion protein trsTNFRd- 
h73) in myeloma cells. The recombinant receptor molecules 
were found to bind stoichiometrically to TNFa and TNFJ 
trimers and to neutralize TNF bioactivity in different assay 
systems. 

EXPERIMENTAL PROCEDURES 

CeU Lines and Reagents— The Spodoptera frugiperda iSB) cell line 
was obtained from American Type Culture Collection (ATCC CRL 
1711). The baculovirus Autographa California (AcNP virus) was ob- 
tained from M. Summers, Texas A & M University, the Chinese 
hamsur ovary (CHO/dhfr^ cell line from P. Familetti. Hoffmann- 
LaRoche Ltd., Nutley, NJ, and the WEHI164 (clone 2A3) cell line 
from J. R Prey (51). The mouse myeloma cell line J558L was kindly 
provided by A. Traunecker, Basel Institute of Immunology. The 
expreaaion vector used to construct the rsTNFR^-h-|r3 fusion protein 
was modified from a CD4- immunoglobulin construct obuined from 
K. Karjalainen and A. Traunecker (44). Recombinant human TNFa 
and TNF^ and mouse TNFa produced in Escherichia coli were kindly 
provided by W. Hunxiker. HJ. bchoenfeld, and E. Hochuli (Hoff- 
mann-LaRoche Ltd.,Basel). Radioiodination of TNFa and TNFd was 
performed with Na'^I and lodo-Gen (Pierce Chemical Co.) as de- 
scribed (25). For affinity column chromatography TNFa was coupled 
to CNBr-activated Sepharose 4B (Pharmacia LKB Biotechnology 
Inc.) according to the guidelines of the manufacturer. Protein G- 
Sepharose 4 Fast Flow was purchased from Pharmacia. Latex beads 
(polystyrene microspheres. 0.48 mhi diameter) were originally ob- 
tained from Polysciences. Inc.. Warrington. PA and kindly provided 
by R. Spinnler and M. Caravatti ( Hoffmann -LaRoche Ltd., Basel, 
Diagnostic Division). 

Construction of Vectors, Expression, and Purification—The cDNA 
encoding the extracellular domain of TNFR^, including the signal 
peptide, was amplified by the polymerase chain reaction. Unique 
restriction sites were introduced at both ends of the fragment. In 
addition, a translational stop codon was introduced behind the last 
amino acid of the extracellular domain (Thr*'**. numbering according 
to Ref. 27). The en^neered fragment was cloned into an expression 
vector for mammalian cells. The plasmid contained the Rous sarcoma 
virus long terminal repeat and the 3' intron plus the polyadenylation 
siu from the rat preproinsulin gene. The expression cassette was 
finally inserted into the Pvull restriction site of plasmid pSV2- 
DHFR. Transfected CHO/dhfr' cells were initially selected by the 
neomycin analogue 0418 in a-medium containing 200 nmol/ml meth- 
otrexate. Thereafter, the concentration of methotrexate was sequen- 
tially increased by 2-5 -fold increments up to 150 Minol/ml. For 
expression in the baculovirus system, homologous recombination was 
used to introduce the amplified cDNA fragment into the genome of 
the AcNP virus. SB cells were grown at 27 X in EX -CELL 400 
medium (J. R. Scientific. Woodland, CA) containing 2% fetal bovine 
serum. Cell culture and viral infection were carried out as described 
(45). The recombinant viruses were purified by limited dilutions in 
microUur plates followed by dot blot hybridization. The rsTNFR^- 
h73 fusion protein waa constructed fay exchanging the CD4 sequence 
in the pCD4-h-r3-4 vector (44) with the TNFRd extracellular domain 
sequence using Sst restriction sites. This procedure yielded a chimeric 
protein in which the TNFW sequence was inserted in front of the 
hinge region of the human IgG Cy3 chain. J558L mouse myeloma 
cells transfected with the raTNFR^-h73 construct by protoplast 
fusion were cxiltured in DHI medium (Dulbecco's modified Eagle's 
medium/Ham's F-12/Iscove*s modified Dulbecco's medium, 25/25/ 
50^ supplemented with selenite (20 nM). ethanolamine (20 mM). 
insulin (5 Mg/ml). human transferrin (6 Mg/ml). Primatone RL (2.5 
mg/ml), Pluronic F68 (0.1 mg/ml), and 0-2% fetal calf serum (46). 
Expression of rsTNFR5 and r8TNFRj3-h>3 was analyzed by a sand- 
wich-type binding assay using radiolabeled or peroxidase- labeled 
TNFa and the non-neutralizing monoclonal antibody htr-20 (25). 

Cell-free supematants of cell transfectant cultures containing 
rsTNFW or rsTNFRi3-h73 were concentrated 5-10-fold by ultrafil- 
tration (molecular mass cutoff of 10 kDa) and clarified by centrifu- 
gation and filtration through a 0.45-Mm filter. The clear filtrate was 
applied to a TNFa affinity column (SO and CHO/dhfr" superna- 
tanu) or protein G affinity column (J558L supernatanist. Alter 
extensive washing with phosphate-buffered saline I PBS) the columns 



were eluied ^'^^'f^TT^ ^^^ siycine. ItKJ mM N'aCl. pH buifer. The 
traciions contary~ir3s^€ recombinant proieins were concentrated and 
subjected to gel iiVh ation chromatography on TSK3000SW or Super - 
ose 12 (Pharmacia! columns with PBS as solvent. The amount 01 
protein was determined by amino acid analysis or BC A assay i Pierce 1 . 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE» was performed as described (47> using the mini gel svstem of 
Bio-Rad. 

Binding Assay and Scatchard Analysis— A %-well microti ter plate 
coated with the TNFRJ-specific non- neutralizing monoclonal anti- 
body htr-20 (25) was incubated with 10 ng/ml rsTNFRii or rsTNFR^^- 
hir3 in 1% defatted milk powder for 3 h at room, temperature- Under 
these conditions only about 10% of the total binding sites were 
occupied by the receptor protein as determined from a ti ration curve 
( low density packing). In some experiments the antibody-coated plate 
was incubated with 3 Mg/ml soluble receptor to saturate all receptor 
binding sites (high or maximum density packing). After washing with 
PBS the wells were incubated with different concentrations of radi- 
olabeled TNFa or TNFd (1-250 ng/ml) in the presence or absence of 
a 200- fold excess unlabeled ligand for 16 h at 4 'C. The radioactivity 
bound to single wells was directly counted in a > -counter. Nonspecific 
binding was subtracted. Ki values were determined from Scatchard 
plots. 

Quasielastic Light Scattering and Ultrdcentrifugation Analysis— 
Quasielastic light scattering experiments were performed with the 
system ALV-300 ( ALV Laservertriebsges m.b.H.. Langen. Germany). 
Samples of 300 $t\ were filtered through 0.2-Mm filters in closed 
cylindrical quaru cells. The protein concentration was 0.5-1 mg/ml. 
Correlation functions were analyzed with the program CONTIN (48» 
that yields a distribution of relaxations. Mean values for the diffusion 
coefficient D were calculated assuming either an extended, i.e. rod- 
like (0 moment of the observed distribution) or roughly spherical 
structure (3rd moment) of the particles. 

A Beckman Model E centrifuge with a AnD rotor and a l2-mm 
double sector Epon cell was used for analytical centrifugation studies. 
The rotor was run at 56.000 rpm in the sedimentation velocity 
experiments and at 24.000 or 1L0(X} rpm in the sedimentation equi- 
librium experiments. All runs were performed at room temperature 
using aliquots of the solutions investigated by quasielastic light scat- 
tering. Relative mole masses were calculated from the observed sedi- 
mentation velocities by the Svedberg equation using the mean values 
of the diffusion coefficients as described above. The partial specific 
volume of rsTNFR6 was assumed to be 0.68 ml/g taking into account 
30% glycosylation (w/w) (49). Alternatively, the molecular masses 
were also obtained from the sedimentation equilibnum runs by ana- 
lyzing the absorption as a function of the square radius (50). 

Competitive Inhibition of Ligand Binding to Same TSFRd and 
TNFRa Hoioreceptors—\'2 ng of native TNFRJ and TNFRu purified 
from HL60 cells (26) were spotted to prewetted nitrocellulose mem- 
branes. After blocking with a solution of 1% defatted milk powder, 
the membrane was incubated with human radiolabeled TNFa or 
TNFfl iX pmol/ml) in the presence of different concentrations ot 
rsTNFRd or rsTNFR^-h^S for 2 h at room temperature The mem- 
brane was then thoroughly rinsed with PBS and counted in a -. • 
counter. 

WEHI164 Cytoroxicify Assay— WEHI 164 cells (clone J.^3. kindly 
provided by J. R. Frey (51 M were cultured in a microliter plate at 10' 
cells/ well in a RPM 1 -based medium in the presence ot human TNFn 
or TNF(? and different concentrations of rsTNFRd or rsTNFRJ-h*r 3 
for 48 hours at 37 *C. Cell viability was determined bv a dve uptake 
method as described earlier (9). 

Agglutination of Latex Beads— o mg of Latex beads washed wnh 
PBS, pH 5.0. buffer and H2O were incubated with 250 ue 01 rsTNFRj 
h>3 in 0.5 ml of PBS, pH 5.0. overnight at 4 *C on a rotav.ne wheel. 
The beads were then treated with a solution of detatted milk 
powder to block any remaining binding sites and washed with PS> 
buffer. To induce agglutination the beads were suspended at 0.2-1 
mg/ml in PBS, pH 7.4. containing 0.1 mg/ml bovine serum albumin 
and 0.1% NaNi. Human TNFa was added at different conceniraiion< 
and after overnight incubation at room temperature aeeiutmation 
was analyzed in a light microscope at x 400 magi nficat ton 

RESULTS 

Expression. Purification, and Ligand Bind in t; Afamties >:•/ 
rsTNFRd—SO insect cells infected with the ret '-'mbmanT 
baculovirus secreted 5-10 Mg/ml of soluble recepi- r nto the 



necomoinant ::>oiuoi€ I yt Hecept^ 



medium after 3-5 days in/!tFLj\.*e. Transfected CHO/dhfr" 
ceils produced up to 30 fi^ili^of the recombinant protein 
after amplification in the presence of increasing methotrexate 
concentrations. The TNFRj3-h73 fusion protein was ex- 
pressed and secreted in mouse myeloma cells with a yield of 
about 0.5-1 Mg/ml. 

The recombinant soluble TNF receptors were purified by 
TNFa or protein G affinity chromatography and gel filtration. 
SDS-PAGE analysis revealed for the baculovirus expressed 
protein three to four discrete bands between 21 and 25 kDa. 
When virus -infected Sf9 cells were cultured in the presence 
of tunicamycin, however, a single protein species of 21 kDa 
was obtained (see Fig. 1) which also was the only TNFa- 
reacting band in a ligand blot experiment (not shown). N- 
terminal sequence analysis of the glycosylated baculovirus- 
produced material revealed a single sequence starting with 
Leu** of the mature TNFR0 (not shown). rsTNFR^ produced 
in CHO/dhfr~ cells yielded two bands migrating on SDS gels 
at around 28 and 32 kDa. Sequence analysis of this material 
confirmed the expected N terminus, but a second N-terminal 
sequence starting at Asp*^^ v;::* also present in a roughly 1:1 
ratio. Interestingly, Asp****^ has previously been found to be 
the N terminus of the naturally occurring TNFIW fragment 
(36). The TNFR^*h73 fusion protein was expressed as a 
disuifide-linked homodimer indicating an antibody-like struc- 
ture of this molecule. As shown in Fig. 1 reduced samples of 
baculovirus- or CHO/dhfr*-derived rsTNFRS migrated at a 
slightly lower rate on SDS gels. This is most likely due to the 
high content of cysteines in these proteins. A similar obser- 
vation has been made earUer with the native 55-kDa TNFR^ 
purified from HL60 cells (26). 

The soluble receptor fragments produced in either expres* 
sion system showed a high affinity for TNFa and a slightly 
lower affinity for TNFfl (see Fig. 2). The difference in the 
apparent Kt values of rsTNFR^ for TNFa and TNF/3 was 
most prominent with the CHO/dhfr"-derived material. This 
finding is in contrast to the native cell surface-bound 55-kDa 
TNFR^, which has been shown to bind both TNFa and TNF^ 
with about the same affinity. Le. values of 326 and 351 pM, 
respectively (24. 52)). Interestingly, fully deglycosylated rs- 
TNFIW as expressed in baculovirus-infected Sf9 cells in the 
presence of tunicamycin displayed similar binding character- 
istics as the glycosylated form (dau not shown), confirming 
that the carbohydrate moieties are not essential for ligand 
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Fig. 1. SDS-PAGE analysis of parified rsTNFIW and rs- 
TNFR^-h73. Purified rsTNFRS and rsTNFM^hiS produced in 
different expression systems were separated by nonreducing and 
reducing SDS-PAGE and stained with Serva blue R. Expression 
systems: floe., baculovirus- infected insect Sf9 cells; Bac +Tu/i.. bac- 
ulovirus -infected insect cells grown in the presence of tunicamycin: 
CHO, CHO/dhfr" cells: J558L, mouse myeloma cells (expressing 
rsTNFIW-h73). 
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Fic. 2. Binding of TNFa and TNFtf to rsTNFRi? and rs- 
TNFR^-hTr3: binding curves and Scatchard analysis. Binding 
of *»I.TNFq (A) and '"I-TNF0 (B) to baculovirus-produced rs- 
TNFR9 icirciesh CHO/dhfr'-produced rsTNFRJ i squares and 
rsTNFR^-h73 fusion protein (triangles) was measured in a solid 
phase assay under low density packing conditions (see "Experimental 
Procedures"). The /Cr values were determined from Scatchard analysis 
of the binding curves as indicated. 

binding (24, 26(. The apparent affinity of the bivalent rs- 
TNFR5-h73 fusion protein for TNFa and TNFd was found 
to be significantly higher than the affinity of baculovirus- or 
CHO/dhfT"-derived monovalent rsTNFR^ (Fig. 2).flt is in- 
teresting to note that Kt values determined in the solid phase 
assay under high receptor density conditions isee "Experi- 
mental Procedures'*) were generally higher and did not show 
a marked difference in the apparent affinities between the 
fusion protein and rsTNFTW (data not shown). It therefore 
appears that at maximum dense packing of the solid phase 
some interactions of receptor molecules leading to multiple 
valency and/or steric constrains cannot be excluded. 

Stoichiometry of rsTNFRfi;TNFa and rsTNFRJ TiWFd 
Complexes— rsTNFRfl purified from CHO/dhfr' cell culture 
medium was incubated with TNFa or TNFi5 at different 
receptor to ligand molar ratios and fractionated according to 
sire by gel filtration chromatography. The chromatographic 
conditions chosen allowed to separate receptor-ligand com- 
plexes from free receptor and free ligand. As shown m Fig. 3. 
at an approximate 1:1 molar ratio neither free receptor nor 
free TNFo or TNFd could be detected in the eluiion profiles 
indicating that under these conditions complete complex for- 
mation had occurred. Amino acid composition anaivsis or the 
separated complexes evaluated by a recently described conn- 
puter program (53) confirmed the 1:1 stoichiometr\ mot 
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shown). When the amoui^^ fNFa added was gradually 
increased a transition of i^^psTRJ-TNTa complex toward 
a slightly lower molecular mass was observed in the elution 
profile (Fig. 3, left panel). In contrast, adding increasing 
amounts of TNF^5 did not affect the elution behavior of the 
TNFR^ TNFi? complex (Fig. 3, right panel). 

To obtain a more accurate molecular mass estimate of 
rsTNFIW and ii3 complexes with TNFa and TNFd, quasie- 
lastic light scattering and analytical ultracentrifugation stud- 
ies were performed. The results are summarized in Table I. 
For rsTNFRj3 a monomeric structure with a molecular mass 
of 25 kDa was found by sedimentation equilibrium analysis. 
The theoretical molecular mass for rsTNFRfl in its unglyco- 
sylated form is 20,467. Analysis of rsTNFIW complexed to 
TNFa or TNF0 under conditions of complete complex for- 




Fig. 3. Analysis of rsTNFIW and tu TNFa and TNF/9 com- 
plexes by gel nitration chromatography. 1 nmol of rsTNFR^ 
purified from CHO/dhfr" cells was mixed with 0.3. 1. 1.5, 2, 3. 4. and 
n nmol of TNFa or TNF^ in 0.1 ml of PBS. (The amount of TNFa 
and TNF/3 was calculated for the 17 -kDa monomeric unit.) The 
mixtures with the various receptorligand iHD molar ratios were 
fraaionated on a Superosc 12 column (Pharmacia) in PBS. Numbers 
on top indicate the positions of molecular weight marker proteins 
(Bio-Rad). Left panel, TNFa complexes; right paneU TNF^ com- 
plexes. 



mation <sety^J]|^.) yielded for both complexes a molecular 
mass of abool^pij kDa, If a stoichiometry of three rsTNFRJ 
molecules bound to one 49-kDa TNFa or 57'kDa TNFd 
t rimer (9) is assumed, theoretical molecular masses of 124 
and 132 kDa, respectively, are calculated which are in approx- 
imate agreement with the observed values. Sedimentation 
velocity analysis combined with quasielastic light scattering 
data confirmed the molecular masses observed in the equilib- 
rium runs and were, in addition, indicative for a rather ex- 
tended. I.e. rod- like structure of rsTNFR^i and its TNFa and 
TNF^ complexes. 

Inhibition of TNFa and TNF0 Binding by rsTNFRff and 
rsTNFR0'hy3—TsTN¥R0 and rsTNFR^-h^S were tested for 
their ability to competitively inhibit binding of TNFa and 
TNF^ to native TNFRa and TNFR0 purified from HL60 
cells. In this assay native highly purified receptors were spot- 
ted onto nitrocellulose membranes and incubated with ^^I- 
TNFa or ^"I-TNF^ in the presence of different concentra- 
tions of rsTNFR^ or rsTNFRjS-hiS. As shown in Fig. 4, A 
and C. binding of *"I-TNFa to both TNF receptors was 
blocked by rsTNFRfl and rsTNFR^-h^S in a concentration - 
dependent manner. It is interesting to note that a roughly 
equimolar concentration of the fusion protein was sufficient 
to prevent TNFa binding almost completely. rsTNFRd was 
about 10-100 X less potent in inhibiting the binding. The 
binding of ^"I-TNF^ was also inhibited (Fig.4, B and D), but 
higher concentrations of rsTNFRfl and rsTNFRi3-h73 were 
needed to achieve inhibitory effects comparable to TNFa. 
The 10-15% residual binding seen with iodinated TNF^ at 
high soluble receptor concentrations is due to nonspecific 
binding of radioactivity to the nitrocellulose filter. 

The inhibition of TNF cytotoxicity by rsTNFRf? and rs- 
TNFRfl-h^S was tested in a cellular cytotoxicity assay using 
the 2A3 subclone of the murine fibrosarcoma cell line 
WEHI164 (51).lAa expected from the binding studies, rs- 
TNFIW-h73 vely efficiently inhibited TNF activity: at a 
concentration of 0.1 pmol/ml, Le. equimolar to the TNFa 
concentration used in the assay, ^sTNFR^3-h^3 prevented 
TNFa-induced cytolysis very efficiently (Fig. bA ». rsTNFRii 
also had inhibitory activity but a concentration about 100- 
fold in excess of TNFa was needed for complete inhibition. 
TNF0- induced cytotoxicity was also inhibited by the fusion 
protein, albeit not at equimolar concentrations. The protec- 
tive effects of rsTNFRiS in these cytotoxicity ass^ s were only 
evident at rather high concentrations (Fig. 5B)^ 

TNFa-induced Agglutination of raTNFRd-hyS-coated Latex 
Beads—In view of the trimeric structure of TNFo and TNF J. 
each capable of binding three recombinant soluble receptor 
molecules, it is very likely that these cytokines aggregate TNF 
receptors on the cell surface into microclusiers which may be 
a necessary step in signal transduction. To mimick cell sur- 



Table I 

Molecular mass determination of rsTNFRd and its complexes with TNFa and TNF6 
Molecular masses were determined in the analytical uliracentrifiige as described under "Experimental Proce 
dures." In the sedimentation velocity analyses the molecular masses were calculated according to the Svedbers 



equation using diffusion coefficients D determined in quasielatic light scattering measurements. 





Molecular mass <kDa) 






Sedimentation 


Sedimenuiion 


Putattve stoichiometp. 




equilibhuoi 


velocity' 




rsTNFR^J 


25 


20:32 


Monomer 


rsTNFRd TNFa complex 


140 


115; 156 


(TNFRdI !TNF./ 


rsTNFRiJTNFtf complex 


140 


102: 139 


[TNFFWj. (TNF.: 



"The 3rd and 0 moments of D were used in the calculation yielding molecular masses tor a roughly sphen.j. 
Uisied first) and an extended < listed second i structure, respectively. 
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FiC. 4. Binding of '"I-TNFa and *"I-TNFtf to native 
TNFW and TNFRa: inhibition by rsTNTR^ and rsTNFIW- 
hyS. Binding inhibition to native full-length TNFR3 and TNFRa 
purified from HL60 cells was measured in a dot blot aasay as described 
under "Experimental Procedures." The concentration of radiolabeled 
ligand in the assay was I pmol/ml. Open circles, ligand binding in the 
presence of increasing concentrations of rsTNFM; closed circles, 
ligand binding m the presence of increasing concentrations of rs- 
TNFR^-hY3. (The concentration of the rsTNFRfl-h73 homodimer 
was calculated for the 66-kDa monomer unit). A, *"I-TNFa binding 
to TNFRjS; "M'TNF5 binding to TNFIW; C. '"I-TNFa binding to 
TNFRa; A »^M-TNF5 binding to TNFRa. 




10 100 



B 




o 
tn 

a 
o 



.01 .1 1 10 100 
soluble receptor, pmol/ml 

Fig. 5. InhibiUonofTNFa- and TNF/9- induced cytotoxicity 
in WEHI164 cells. WEHI164 cells were cultured in the presence of 
O.l pmol/ml TNFo (A) or TNF^ (B) and different concentrations of 
rsTNFR^ {open circles) and rsTNFR^-^^ ctos^d circles). Cell via- 
bility was analyzed after 48 h at 37 *C. 

face-bound TNF receptors. Latex beads were coated with 
rsTNFRtf-h-yS fusion protein and subsequently exposed to 
di^erent concentrations of TNFa. TNFa induced an oligo- 
mehzation of rsTNFR^-h7d as visualized by agglutination of 
the Latex beads (Fig. 6). A similar effect was seen with TNF/3, 
but agglutination was much less pronounced (results not 
shown). 

DISCUSSION 

In cnis study TNF binding and inhibiting properties of the 
extracellular region of the human TNFRd were analyzed. The 
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Fig. 6. Agglutination of rsTNFR^-h73-coated Latex bead 
Latex beads (0.48 urn diameter) were coated with rsTNFRd-h73 ar 
incubated at 1 mg/ml with different concentrations TNFa as ind 
cated. Agglutination of the beads was visualised in a light microscor 
at X 400 magnification. 

recombinant soluble receptors (rsTNFRfl and rsTNFRi3-h> 
fusion protein) expressed in different eukaryotic expressio 
systems displayed high affinity binding to human TNF 
similar to that of native cell surface-bound 55-kDa TNFFL 
In contrast, the binding affinity of rsTNFRiS for TNF^ ws 
significantly decreased when compared with the native ce^ 
surface receptor. A similar observation, i.e. impaired neutrai 
ization of TNF/3 versus TNFa, has also been made with a sc 
called TNF binding protein, which is a naturally occurrih 
soluble receptor derived from TNFR8 (33, 36. 39). It therefor 
appears that with respect to ligand binding properties, rs 
TNFR5 closely ressembles the natural TNF inhibitor. Th 
apparent lower affinity of rsTNFRj3 (and also of the deter 
gent-solubilized holoreceptor (9)) for TNFd might reflect 
microenvironment of the ligand binding site which is slightl 
different from that of the cell surface-bound full-length TN' 
receptor. It is noteworthy that with respect to monovalen 
rsTNFRd the rsTNFR^-h73 fusion protein binds bothTNF 
and TNFfi with a severalfold higher affinity when measure 
under appropriate assay conditions. This increase in affinit 
most probably reflects a higher avidity of the rsTNFRj5-h7 
construct due to its bivalency. Comparison of rsTNFRJ an 
the fusion protein to compete with native full-length TN; 
receptors for TNF binding and to protect WEHI 164 cell 
from TNF-induced cytotoxicity indeed confirmed the ex 
pected higher activity of the fusion protein. 

The results from the ultracentrifugation analyses indicat 
that rsTNFIW is monomeric in solution. The complexes c 
rsTNFR^ with TNFa or TNFd both had a molecular mass c 
about 140 kDa which favors a stoic hiometr>* of three rsTNFR 
monomers bound to one TNFa or TNFd trimer. It has bee 
proposed that the receptor binding site on the TNFa trime 
is located at the boundary of two monomeric units near th 
base of the bell-shaped structure thus implying three potenti: 
receptor binding sites (7, 54). Such a model is fully compatibl 
with the size of receptor-ligand complexes as determined i 
the present study. It is interesting to note that an intermediat 
lower moleciilar weight form of the rsTNFRd TNFa comple 
can be partially resolved by gel filtration when a slight exces 
of TNFa over rsTNFR^ is present. Most likely, this inter 
mediate form represents TNFa trimers complexed to onl 
one or two rsTNFR^ molecules. Such intermediate forms ar 
not seen with rsTNFR^ TNFd complexes. Whether ihes 
distinct binding characteristics of TNFa and TNFJ are als 
true for cell surface-bound receptors remains to be elucidaiet 

The results of sedimentation velocity and quasieiastic ligh 
scattering measurements indicate that rsTNFRJ and it 
TNFa and TNF^ complexes have a rather extended, i.e. roc 
like structure. This conclusion is supported by the relati\ 
large apparent molecular masses of 62. 170. and 150 kDa tc 
rsTNFIW, rsTNFR3.TNFa andrsTNFRJ TNFj complexe 
respectively, determined by gel filtration chromatosraphy. 
similar relatively large apparent molecular mas> < kDat hi 
been found for the natural soluble TNFRj on <izin2 columr 
(42). 



Soluble irapments of ba?rN ^'r TNFRa are found 

in vico. They are present#;:;^latively high concentrations in 
normal human serum a:^v-^iirine but can be drastically in- 
creased in certain disease states.- The cellular source and the 
mechanism of receptor shedding remain unclear. It has been 
speculated that soluble TNF receptor fragments might partic- 
ipate in the control of TNFa and/or TNF^5 toxicity by neu- 
tralization and rapid clearance of systemic TNFa and TNF/3 
(33, 36, 37, 39. 42). However, the fact that at least a 10-fold 
excess of the soluble receptor with respect to TNFa (and more 
than a l(X)-fold excess with respect to TNF^) is needed to 
obtain a significant neutralization demonstrates that the neu- 
tralizing capacity of serum is restricted. The rsTNFR^-h73 
construct as described in this study, therefore, is a promising 
TNF antagonizing agent for neutralization of systemic TNF 
toxicity in certain disease states. 
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Designing CD4 immunoadhesins for AIDS therapy 

Daniel J. Capon, Steven M. Chamow\ Joyce Mordend% Scot A. Masters, 
Timothy Gregory-, Hiroaki Mit§!iya% Randal A. ByrnSXatherine Lucas^ 
Florian Wurm% Jerome E. GroopmanS Samuel Broder^ & Douglas H. Smith 



A newlv-construaed amibodyMke molecule containing the gpl20^binding domain ^{^'^^'^^^^^ 
immunodeficiencv virus blocks HlV^i infection of T cells and monocytes. Its long plasma half life, other anttbodyAike 
properties, and potential to block all HIV isolates, make it a good candidate for therapeutic use. 



Despite the exquisite ability of the immune system to distin- 
guish between self and non-self, and to put fonh an impressive 
diversity in its antigen-recognizing repertoire, it can still be 
outflanked bv a rapidly changing pathogen. Human 
immunodeficiency virus type llHIV-l) is an example of such 
a pathogen, and, as a result, its consequences are devastatmg. 
Every individual infected with the virus is expeaed to develop 
a serious or life-threatening illness*; no protective state has been 
shown to be generated in natural infections. It has not yet been 
possible 10 generate a proteaivc response by immunizing chim- 
panzees with gpl20, the HIV-l envelope glycoprotein*' , or to 
confer passive immunity to chimpanzees using human IgG . 
Even neutralizing antibodies made in experimental animals can 
block the infectivity of only a few HIV-l isolates^ ^ Thus, the 
prospects for eliciting protective immunity against HIV-l, or 
for using antibodies as therapeutic agents to control HIV-l 
disease are bleak. Ami -retroviral chemotherapy using dideoxy- 
nucleosides such as AZT does help some patients, but the 
toxicity is such that new strategies are needed*. 

We have therefore attempted to block HIV-l infeaivity with 
soluble derivatives of CD4, the receptor for HIV- 1, with the 
rationale that the CD4-binding domain of gpl20 is the only part 
of gpl20 that the virus cannot afford to changed CD4 is a 
cell-surface glycoprotein found mostly on a subset of mature 
peripheral T cells that recognize antigens presented by class II 
MHC molecules'^ Antibodies to CD4 block HIV-l infeaion 
ofTcells*" ** and human cells not susceptible to HIV-l infection 
become so after iransfection with a CD4 cDNA*'. Gpl20 binds 
CD4 with high affinity {Ko- lO'^M), suggesting that it is this 
interaaion which is crucial to the entry of virus into cells ' 
Indeed, we' and others**"*' have shown that soluble rCD4, 
lacking the transmembrane and cytoplasmic sequences of CD4, 
can block HIV-l infectivity, syncytium formation, and cell kill- 
ing by gpl20 (ref. 19). rCD4 blocks the infectivity of diverse 
HIV-l isolates (R-B.,J.G., H.M. and S.B., unpublished results). 



and in theory should block all. At best, however, soluble rCD4 
offers only a passive defence against the virus. 

Active immunity requires a molecule such as an antibody, 
which can specifically recognize a foreign antigen or pathogen 
and mobilize a defence mechanism. Antibodies comprise two 
functionally independent parts, a rather variable domain i Fab i, 
which binds antigen, and an essentially constant domain ( Fci. 
providing the link to effector functions such as complement or 
phagocytic cells. It is almost certainly the lack of an antigen- 
binding domain which can neutralize all varieties of virus that 
hampers the development of humoural immunity to HIV- 1. We 
reasoned that the characteristics of CD4 would make it ideal as 
the binding site of an antibody against HIV-l. Such an antibody 
would bind and block all HIV-l isolates, and no mutation the 
virus could make, without losing its capacity to infect CD4 
cells specifically, would evade it. We therefore set out to con- 
struct such an antibody by fusing CD4 sequences to antibody 

domains. . , * 

We had two major aims for our hybrid molecules; tirsi, as 
pharmacokinetic studies in several species predict that the half- 
life of soluble CD4 will be short in humans (30-120 min. J.M., 
unpublished results) we wished to construct a molecule wuh a 
longer half-life; second, we wanted to incorporate functions 
such as Fc receptor binding, protein A binding, complement 
fixation and placental transfer, all of which reside in the Fc 
portion of IgG. The Fc portion of immunoglobulin has a long 
plasma half-life, like the whole molecule, whereas tha( ot Fab 
is short, and we therefore expected to be able to lusc our 
short-lived CD4 molecule to Fc and generate a longer-lived CD4 
analogue. Because CD4 is itself part of the immunoglobulin 
gene superfamily, we expected that it would probably fold in a 
way that is compatible with the folding of Fc, We have therefore 
produced a number of CD4.immunoglobulin hybrid molecules, 
using both the light and the heavy chains of immunoglob- 
ulin, and investigated their propcnies. We have named one 
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Fig. 1 Struaurc of cell surface CD4. human IgGI iy\ ), soluble 
rCD4, and CD4 immunoadhesins i2y\ and 4^1). The 
immunogiobulin-like domains of CD4 are numbered I to 4; TM 
and CYT refer to the transmembrane and cytoplasmic domains. 
Soluble rCD4 is truncated after proline 368 of the mature CD4 
polypeptide. This results in a secreted, soluble polypeptide with 
an affinity for gpl20 similar to that of cell surface CD4 (ref. 7). 
The vertical division within IgGl indicates the junction of the 
variable (VH» and constant (CHI. hinge, CH2, and CH3I regions. 
Disulphide bonds formed within IgGl domains and the 
immunoglobulin-likc domains of CD4 are indicated by (S-S). The 
positions of cysteine residues that form imermolccular disulphide 
bridges connecting the IgGl heavy-chain hinge to light and heavy 
chains are indicated by (S). CD4-derived and IgGl -derived 
domains of 2-yl and 4yl are indicated by shaded and unshaded 
regions, respectively. The 2^1 and 4yl immunoadhesins consist 
of residues I to 180 and residues 1 to 366 of the mature CD4 
polypeptide, respectively, fused to the first residue (serine 114) of 
the human IgGl heavy-chain constant region. 
Methods. For the expression of CD4 immunoadhesins, the sequen- 
ces of CD4 and human IgGl were fused by oligonucleoiide- 
direcied deletiona! mutagenesis after their insertion into a mam- 
malian expression vector used for soluble rCD4 expression . A 
human IgGl heavy-chain cDNA, obtained from a human spleen 
cDNA library using probes based on the published sequence^', 
was inserted at a unique Xbal site found immediately 3' of the 
CD4 coding region in the same reading orientation as CD4. Syn- 
thetic 48-mer oligodeoxynucleotides. complementary to the 24 
nucleotides at the borders of the desired CD4 and IgGl fusion 
sites, were used as primers in the mutagenesis reaaions using the 
plasmid described above as the template"**. 



particularly inieresting class of these CD4-inimunogiobulin 
hybrids immunoadhesins', because they contain pan of an 
adhesive molecule*'' linked to the immunoglobulin Fc effector 
domain. 

Synthesis of CD4 immunoadhesins 

CD4 is an integral membrane protein with an extracellular region 
comprising four domains with homology to immunoglobulin 
variable domains-' " (Fig. 1), Soluble CD4 derivatives consist- 
ing of this e.xiracellular region bind gpl20 with the same affinity 
as cell-surface CD4 (ref. 7), CD4 variants containing only 
domains I and 2 also bind gpl20' ' but the affinity of this 
interaction is not known. We constructed a series of hybrid 
molecules consisting of the first two or all four immunoglobuiin- 
like domains of CD4 fused to the constant region of antibody 
heavy and light chains (Fig, 1). 

We investigated the synthesis and secretion of these hybrids 
using transient expression in a human embryonic kidney-derived 
cell line. As shown in Fig. 2. immunoglobulin light and heavv 



chains are efficiently expressed in these cells, and light chain is 
efficiently secreted, but heavy chain is not unless a light chain 
is coexpressed. Thus the rules governing immunoglobulin chain 
secretion in these cells are the same as those for plasma or other 
lymphoid cells'\ We first constructed hybrids that fused CD4 
with the constant regions of murine #c- or y I -chains. These 
hybrids contained either the first two or all four immuno- 
globulin-like domains of CD4, linked at a position chosen to 
mimic the spacing between disulphide-link^d cysteines seen in 
immunoglobulins (Fig. 1). Ascxpcaed,the CD4-#c hybrids were 
secreted well, whereas hybrids between CD4 and mouse yl- 
chain were expressed but not secreted unless a #c -chain or a 
CD4-K hybrid was present. 

A different and unexpected piaure emerged when analogous 
CD4-heavy-chain hybrids were constructed using the constant 
region of human IgGl heavy chain instead of mouse heavy 
chain. Such hybrids, containing either the first two or. all four 
immunoglobulin-like domains of CD4 (named 2y\ and 4yl 
respectively), were secreted in the absence of wild-type or hybrid 
light chains (Fig. la). Both 2>'l and 4yl could be directly 
immunoprecipitated using Staphylococcus aureus protein A. 
which binds the Fc ponion of IgGl, indicating that the protein 
A-binding sites of these construas are fully functional. Indeed, 
both molecules can be purified to near homogeneity on protein 
A columns (Fig. 2b), 

Structure of CD4 immunoadhesins 

We examined the subunit structure of these immunoadhesin 
molecules using SDS-polyacrylamide gels (Fig. 2b). Without 
any reducing agent, the apparent relative molecular mass {Mr) 
of each construct doubled, demonstrating that both immuno- 
adhesins are disulphide-linked dimers. The hinge region of each 
immunoadhesin contains three cysteine residues, one normally 
involved in disulphide bonding to light chain, the other two in 
the intermolecular disulphide bonds between the two heavv 
chains in IgG. As the molecules are dimers at least one, and 
perhaps all three, of these cysteine residues are involved in 
intermolecular disulphide bonds. We examined the capacity ol 
2yl and 4y\ to form disulphide links with light chains. When 
an immunoadhesin construct was cotransfected with a light 
chain, the light chain produced could be precipitated by protein 
A. Mutagenic substitution of the first hinge-region cysteine with 
alanine abolished light-chain bonding, but did not affect 
dimcrization (data not shown), indicating that this cysteine 
bonds the light chain in these hybrids, as in normal IgG. Thus 
the disulphide bond structure of these immunoadhesins seems 
to be analogous to that of immunoglobulins. 

gpl20 binding 

To determine whether our immunoadhesins retain the ability to 
bind gpl20 with high affinity, and whether the first two 
immunoglobulin-like domains are sufficient, we carried out 
saturation binding analyses with radioiodinaied gpl20. Binding 
is saturable, showing a simple mass action cur\e < Fig. }a i. The 
dissociation constant i Ka) for the interaction if each 
immunoadhesin with gpl20, calculated by Scaicharj ana)ysi> 
(Fig. 3a, inset), was indistinguishable from that of soluble rCD4 
(-10"** M) (Table 1). Thus, the N-terminal 1-0 ammo acids ot 
CD4 are sufficient for high-affinity binding. As the^e immuno- 
adhesins are homodimeric, they should each ha\e two gpl-*^' 
binding sites. We examined this possibility b> coating plasit*. 
microtitre wells with gpl20, then adding ^.oluble CD4 or 
immunoadhesins. Both immunoadhesins could bind addc ^ 
labelled gpl20, whereas soluble rCD4. \^ith onl> one gpl-'' 
binding site, could not (J. Porter and S. C. unpuhli-hed re>ult>'^ 
To confirm the bivalent nature of 2yl and 4^l. examine^ 
their ability to agglutinate sheep red blood ctrlN ^oaied 
gpl20. Again, both CD4 immunoadhesins. but no\ -^^luhle rCD • 
agglutinated the cells, showing that binding to molecules 
on different cells is not stericalU hindered 



Cell Cell 
Supernatant Lysate 
:n r~ 



ARTICLES 



Cell 

Sc.; ^alant Lysate 



Q ^ ^ 

o 



Q ^ 
O 



Q 6 H o Q 
0 0 3 9 0 0 3 




« • # 



- 97.4 _ 

— 29 — 



la 



Reduced 



Non-Reduced 



o 

o 



200- 

116- 
97- 

66- 



43- 



It 



CM 

o 

o 



o 

o 



9 



Q 

O 



O 

O 




Fig. 2 Expression, secretion and subunit struaure of CD4 immunoadhcsins and soluble rCD4. a. Expression and secretion of mouse 
immunoglobulins, soluble rCD4 and CD4 immunoadhesins expressed in mammalian cells. Cells were transfected with vectors directing the 
expression of murine «.light chain (lanes k) or y I -heavy chain (lanes yU individually or together (lanes »f ^ytl, vectors encoding soluble 
fCD4 (lanes rCD4). and the CD4 immunoadhcsins 2yl (lanes 004, y, I or 4yl (lanes CD4^y,). After metabolic labelling with [^-Slmethionine. 
cell supcmatanis and cell lysates were analysed by immunoprecipitation. Lanes U, uniransfected cells. 6, Subunit str\icture of secreted CD4 
immunoadhesins and soluble rCD4. Soluble rCD4, 2yl and 4yl were purified from culture supematants of transfected cells and analysed by 
electrophoresis on a 7.5% SDS-polyacrylamide gel. Samples were prepared in buffer with lOmM dithiothrcitol (DTT) (reducing conditions) 
or without DTT (non-reducing conditions). The positions of relative molecular mass standards are indicated (in thousands). Both immuno- 
adhcsins behaved as disulphide-linkcd dimers; in contrast, soluble rCD4 which is monomeric. displayed only a minor change in mobility 
upon reduaion of its imra-molecular disulphide bonds. 

Methods, a. Cells were transfected by a modification of the calcium phosphate procedure, labelled with [ ^S]methionine, and cell lysates 
prepared as described". Immunoprecipitation analysis was carried out as previously described\ with the exception that no preadsorbtion with 
Pansorbin (Calbiochem) was done, and the precipitating antibodies used were 2 jil of rabbit anti-mouse IgG serum (Cappcll) for mouse IgG 
heavy and light chains, 0.25 p^g of OKT4A (Ortho) for soluble rCD4. and no added antibody (Pansorbin only) for the CD4 immunoadhcsins 
Immunoprecipitated proteins were resolved on 10% SDS-PAGE gels, and visualized by autoradiography, b, CD4 immunoadhesins were 
purified from transfected cell supematants by protein A affinity chromatography followed by ammonium sulphate precipitation. Purified 
proteins were subjerted to SDS-PAGE under both reducing and non-reducing conditions and visualized by silver staining. 



In vivo plasma half*life 

We examined whether the immunoadhcsins share the long in 
vivo half-life of antibodies. Studies of rCD4 in rabbits provide 
clearance data that extrapolate well to other species, including 
humans ( J.M., unpublished results). The change in plasma con- 
centration with time for each of the three CD4 analogues in 
rabbits is shown in Fig. 4. Analysis of these data reveals that 
soluble rCD4 has a terminal half-life in rabbits of -15min, 
whereas 4yl and 2y\ have terminal half-lives of -7 and 48 h, 
respeaively (Table 1). Thus the half-life of 2y\ in rabbits is 
nearly 200 limes longer than that of rCD4 and comparable to 
that of human IgG in rabbits (4.7 days)^\ The half-life of 2yl 
in humans is expected to be longer than that in rabbits, because 
of the decreased proponional blood flow to eliminating organs 



Table 1 Properties of CD4 immunoadhesins and soluble rCD4 





Calculated 


Subunit 
struaure 


gpl20 
binding 
(nM)' 


Blocks 
infcaivity 
T cells M0 


Plasma half-life 
in rabbits 
(hours)t 


Fc binding 
(nM)* 


Complement 
binding 


Protein A 
binding 


rCD4 
4yl 

2yl 
IgG I 


41,000 
154.000 
112,000 
146,000 


monomer 
dimer 
dimer 

tetramer 
(H:U) 


2,3 ±0.4 
1.2±0.l 
1.4±0.l 


Yes Yes 
Yes Yes 
Yes Yes 


0.25*0.01 
6.7±I.l 
48.0 2: 8.6 
113* 


2.3*0.7 
2.6*0.3 
3.2*0.2 


No 
No 
No 
Yes 


No 
Vcs 
Yes 
Yes 



• Standard error of the mean was determined using the Inplot and Scatplot programs (see Fig. 3 legend), t Standard deviation indicated in hours 
t Determined in ref. 24 (IgGl has a half-life of 21 days in humans). 



as species increase in size*^ and should be comparable with 
that of human IgGl (21 days). 

Our results confirm our initial hypothesis that, as in the case 
of immunoglobulin itself, one can increase the stability of a 
rapidly cleared molecule (Fab or rCD4) by fusing it to a long- 
lived molecule, Fc. The swift clearance of rCD4 is probably 
largely due to its size, Mr 55,000, which means it is just small 
enough to be cleared efficiently by renal filtration. One com- 
ponent in the increased half-lives of these molecules is therefore 
probably their larger size; but this cannot be the whole story as 
4yl, although larger than 2^1, has a shorter half-life. Both 4y| 
and rCD4, but not 2yl, contain two CD4-derived Asn-linked 
carbohydrate sites which arc glycosylated in rCD4 ( R. Harris 
and M. Spellman, unpublished results); these sugar moieties 
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Fig. 3 Binding properties of CD4 immuno- 
adhesins. a, Gpl20 saturation binding analysis 
of CD4 immunoadhesins. Immunoadhesin pro- 
teins 4y 1 (left) or 2yl (right) in transfeaed cell 
supemaiants were incubated with increasing 
concentrations of purified soluble rgpl20 (ref 
SO) radioiodinated with laaoperoxidase. The 
lines drawn for the binding curves and for the 
Scatchard plots of the data (shown in the insets t 
represent the best fit as determined by unweigh- 
ted least-squares linear regression analysis. Dis- 
sociation constants calculated from these 
results and from binding studies of gpl20 to 
soluble rCD4 performed in parallel are given 
in Table 1. b, Binding of CD4 immunoadhesins 
to Fcv receptors on V^^f cc\h. Competition 
binding analysis was carried out by mixing 
0.1 ^gmr' of '"l-labelled human IgGl (Cat- 
biochem) with increasing concentrations ol" 
purified human IgGl < solid circle). 2yl (solid 
square). 4yl (solid triangle), or solubic rCD4 
(open circle) proteins. Curves drawn represent 
the best fit as determined by unweighted least- 
squares nonlinear ( IgG 1 , 2 r 1 and 4y 1 ) or linear 
(rCD4) regression analysis. Dissociation con- 
stants calculated from these results are shown 
in Table 1. c, Clq saturation binding analysis 
of CD4 immunoadhesins. Purified anti-gpl20 
lgG2a mouse monoclonal antibody (solid 
circle). 2'yl (solid square), or 4yl (solid 
triangle) proteins were aggregated by binding 
to gpl20-coupled Sepharose. and incubated 
with increasing concentrations of purified 
human Clq (Calbiochem) radioiodinated with 

lactoperoxidase. The curve drawn for the anti-gpl20 monoclonal antibody (mAb) represents the best fit as determined by least-squares nonlinear 
regression analysis; the dissociation constant for Clq binding to this gpl20-aggregated anti-gpl20 mAb was ^1.8 x 10'** M. 
Methods, a, Gpl20 saturation binding analysis was carried out as described^ except that gpl20-CD4 immunoadhesin complexes were collected 
directly onto Pansorbin: binding was comparable to that observed when complexes were colleaed with OKT4A as for soluble rCD4 Specifically 
bound ''^!-labelled gpl20 was determined from the difference in binding in the presence or absence of a 1.0(X)-fold excess of unlabelled 
rgpl20 and is plotted against the total ^^^Mabelled gpl20 concentration. 6, FcR binding analysis was done essentially as described' except 
that after ccntrifugation free IgGl was removed by aspiration of the aqueous and oil layers. Mixtures of '"l-labelled human IgGl and IgGl, 
CD4 immunoadhesins or soluble rCD4 were incubated with U937 cells (2 x 10* cells per tube) for 60 min at 4 "C. Specific binding was calculated 
by subiraaing residual nonspecific binding (<25% of specific binding) which could not be competed out by a l.(X)0-fold excess of unlabelled 
human IgGl. c, Clq binding analysis was done essentially as described^^, except that gpl20 coupled toCNBr-activated Sepharose 6B ( Pharmacia) 
was used as the solid support to aggregate CD4 immunoadhesins or the anti-gpl20 mouse mAb. Proteins were adsorbed to gpt20 coupled -beads, 
incubated with varying concentrations of '^^I-labelled Clq, and bound and free Clq were then separated by centrifugaiion through 20% 
sucrose. Specific binding was determined from the difference in binding in the presence or absence of added antibody or immunoadhesin. AJI 
data analysis was carried out using the fnplot and Scatplot programs (R. Vandlen, Geneniech). Scatplot was modified from the Lieand program 
iP \1uno. \IH. 
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may facilitate clearance by receptors in the liver. The charge of 
the molecule may also be important, as the CD4 ponion of 4>l 
contributes a net excess of eleven positively charged amino acids 
on 4yl, but only three on 2y\. This may increase uptake of 
tC da and 4 y 1 onto anionic surfaces, accelerating their clearance 
from the circulation. 

Fc receptor and complement binding 

Two major mechanisms for the elimination of pathogens are 
itiediated by the Fc portion of specific antibodies. Fc activates 
the classical pathway of complement, ultimately resulting in 
lysis of the pathogen, whereas binding to cell Fc receptors can 
lead to ingestion of the pathogen by phagocytes or lysis by killer 
cells. The binding sites for Fc cell receptors and for the initiating 
factor of the classical complement pathway, Clq, are found in 
the constant region of heavy chain"* (the CH2 domain for Clq"' 
and the region linking the hinge to CH2 for Fc cell receptors**). 
We aimed to incorporate both of these functions into the 
immunoadhesins. Wc chose the IgGl subtype to supply the Fc 
domain because IgGl is the best compromise between Fc bind- 
ing, Clq binding, and long half-life. We show below that the 
immunoadhesins bind FcR well, but do not bind Clq, 

Three types of Fc cell receptors are known to be expressed 
on ;i variety of leiikocvies. Of these FcR!. principally expres^i^d 



on mononuclear phagocytes, is the only one which binds 
monomeric human IgGl with high affinity^*. We used competi- 
tion binding analysis with FcRl receptors on the U937 
monocyte/ macrophage cell line to charaacrize the Fc receptor 
binding of 2 vl and 4yl. Direct satii*- -Mon binding analvsis with 
human IgGl gave a of -3x 10*" M. In compeiiiion bind- 
ing analyses, the two CD4 immunoadhesins* but not rCD-*- 
bound to Fc receptors on U937 cells to the same extent and 
with an affinity indistinguishable from human IgGl (Fig 3^ 
Table 1). 

We examined the ability of the immunoadhesins to bind 
the first component of the classical pathway of complerneni. 
Clq, by saturation binding analysis. Because binding ol CiM 
increases with the aggregation state of the antibody, vMth J" 
affinity of -^10"* for monomers and --lO"** for tetramcrs ot 
IgG"*, we first aggregated the immunoadhesin using gP}-*^ 
linked to Sepharose. As a positive control, wc measured 
binding to an anti-gpl20 mouse IgG2a monoclonal antibod> 
(which like human IgGl binds Clq with high atfinii>" ' 
gated by the same gpl20-Sepharose. The affinity of ihe ^"^^^^^ 
antibody for Clq determined by Scatchard analysi^^-^^ ' 
10''* M ( Fig. 3cl, comparable to that observed for other mou^c 
lgG2a and for human IgGl antibodies. In conira^t. n^''^^*^^ 
Imniiin.vidhe^in hiMind Clg to nn\ deieci;(Hle cvicnt 
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Summary 

The aim of this study was to compare the ability of both a 55- and 75-kD soluble tumor necrosis 
factor receptor immunoglobulin G fusion protein (sTNFR-IgG) in protecting against death in 
a murine model of gram-negative sepsis. Pretrcatmcnt with 250 /xg of the p75 construct delayed 
but did not avert death in this model, reducing peak bioactive TNF-a levels after infection from 
76.4 ng ml-* in control mice to 4.7 ng ml'* in the treated group {p <0.05. two-sample t test). 
However, these low levels of bioactive TNF-a persisted in the p75 fusion protein- treated animals 
compared with the controls and were sufficient to mediate ddaj^d death. In contrast, prctreatment 
with 200 Mg of the p55 sTNFR-IgG gave cxccUcnt protection against death with complete 
neutralization of circulating TNF. Studies of the binding of TNF-a with the soluble TNFR 
frision proteins showed that the p75 fusion construa exchanges bound TNF-a about 50- 100- 
fold fister than the p55 fusion protein. Thus, although both fusion proteins in equilibrium bind 
TNF-a with high affinity, the TNF-a p55 fusion protein complex is kinetically more stable 
than the p75 frxsion construct, which thus aas as a TNF carrier. The persistent release of TNF-a 
from the p75 fusion construa limits its therapeutic effea in this model of sepsis. 



Despite significant advances in antibiotic treatment and 
intensive care management over the last 20 yr, the mor- 
tality from sepsis leading to multi-organ fulure and septic 
shock has remained virtually unchanged (1, 2). Infisction with 
a variety of different organisms can produce similar 
pathophysiological changes within the host through the in- 
duaion of a number of mediators. Principal among these is 
TNF-a, a cytokine produced mainly by activated macrophages, 
which is able in piirificd form to reproduce nearly all of the 
features of sepsis and septic shock (3. 4). Neutralization of 
TNF-a aaivity may tBus be potentially beneficial in the treat- 
ment of this condition, and a number of different reagents 
designed to attenuate TNF-a action have been developed (5). 

TNF-a exerts its effects through binding to high affinity 
cell surfece receptors, of which there are two kinds, a 75- 
(p75) and a 55-kD (p55) form (6-8). These have significant 
sequence similarity in their extracellular domains, but differ 
completely in their intracellular portions (9), Many of the 
effects of TNF-a, including cytotoxicity, are produced by 
binding to the p55 receptor. This has been demonstrated by 
the use of agonist antireceptor antibodies (10, 11). and more 
recently by the use of mice with specific deletion of the p55 
receptor gene (12, 13). The role of the p75 receptor is less 
well defined, but does include effects distina from those of 
» the p55 receptor, such as stimulating thymocyte prolifera- 



tion (14). It has also been proposed that the p75 receptor 
may fadliutc TNF-a bindbg to the p55 receptor, by initial 
rapid bmding of TNF-a which is then subsequently passed 
to the p55 receptor (IS). 

TNF-a exists as a trimer in solution, and is potentially 
able to bind three receptor molecules (16-18). The mecha- 
nism by which receptor binding produces the cellular actions 
of TNF-a is not clear, but a number of experiments have 
shown that clustering of the p55 receptor is required for 
TNF-a cffeas mediated by this receptor (10). Both the p75 
and p55 recepton also exist as soluble forms, produced by 
cleavage of the extracellular domains of the receptors (19, 20). 
These soluble receptors retain their high affinity binding for 
TNF-a but do not directly mediate any biologicai effects. 
Their produaion during sepsis may thus be a natural mecha- 
nism to attenuate TNF-a acrion (17. 21). 

A number of reagents have been developed to neutralize 
TNF-a activity. mAbs to TNF-a have shown good activity 
in a number of animal models of experimental sepsis and are 
currently undergoing clinical trials (22. 23). Soluble TNF 
receptors (sTNFR)* are an attraaive means of actcnuating 



^Abbreviation used in this paper iTNFR-IgG, soluble TNr :?0 fusion 
protein. 
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TNF action. They Have high af&nity binding not only for 
TNF-a, but also TNF-/3, a form of TNF produced by acti- 
vated T cells, which may be of importance in gram-positive 
infections with toxin-producing organisms (17. 21, 24). By 
the use of recombinant DNA technology, fusion proteins have 
been produced in which the soluble part of the TNFR is 
linked to a human IgG heavy chain constant region to form 
dimers through the intermolccular disulfide bridges joining 
normal IgG heavy chains. These dimeric fusion proteins are 
able to bind to the TNF trimer in two separate sites, thus 
binding with higher afSnity than the natural soluble receptors 
(17, 21). In addition, the presence of the IgG heavy region 
confers a longer scrum half-life for the fusion protein com- 
pared with the soluble receptor alone, with values in excess 
of 20 h (25, 26). 

sTNFR or sTNFR-IgG fusion proteins have been tested 
in a number of different animal models of sepsis. In baboons 
challenged with live Frrherkhta coli, treatment with the p55 
TNFR was able to improve some of the hemodynamic ab- 
normalities after bacterial challenge, with a suggestion of im- 
proved survival in treated animals, although the number of 
animals used was too small to demonstrate this conclusively 
(27). A p55 sTNFR-IgG fusion protein was able to protect 
against death in mice after challenge with LPS (26, 28). How- 
ever, after intraperitoneal infeaion in mice, a p55 fusion pro- 
tein was not able to improve survival, in common with other 
TNF neutralizing drugs in this particular model (29, 30). 
p75 fusion proteins have been tested in endo toxemia models 
of sepsis, where they have been shown to be proteaive against 
death in mice injeaed with LPS (21). However, in one case 
the fusion protein was shown to function as a carrier for 
TNF-a, although this did not seem to result in any delete- 
rious effects (21). To better understand which TNFR-IgG 
fusion protein might be more effective in the therapy of se- 
vere sepsis, we have tested the ability of both a p75 and a 
p55 fusion protein to protea against death in a model of sepsis 
in mice, using intravenous infection with live £. coli. We find 
that the p55, but not the p75, TNFR-IgG fusion protein 
was able to provide significant protecrion against death in 
this animal model of sepsis. 

Materials and Methods 

Animals. GDI mice were used for all experiments and were 
obtained from Charles Rivers (Margate, UK). Animals weighing 
between 28 and 32 g were used for all experiments. 

Matenak The sTNFR-IgGl p75 fiision protein wzi kindly sup- 
plied by the Immuncx Corporatioa (Seattle. WA). The sTNFR- 
IgG3 p55, sTNFR-IgGS p75, and sTNFR-IgGl p55 fusion protein 
have been reponed previously (17, 26, 28). The mAb to murine 
TNFhx (TN3) was kindly provided by CcUtech (Slough, UK). Gcn- 
lamicin was from Roussel Laboratories (Uxbridge, UK). All other 
materials were from Sigma (ft>ole, UK). 

Bacteria, The bacterial strain used in all experiments was £. 
coli OUl:B4 (kindly provided by Dr. Ben Appclmelk, Vrijc Univer- 
siteit, Amsterdam. The Netherlands). For use in animal experi- 
ments, a single bacterial colony was inoculated into No. 2 broth 
(Oxoid. Basingstoke, UK) and grown for 5.25 h at 37«C. Bacteria 
were then harvested by centrifiigation at 3,000 ^ for 15 min, washed 



once in stcrik p>rrogen-f^e saline, and resuspended in sterile pyroften- 
free uhne. Bacterial concentration was measured by absorbana at 
325 nm «d «l;>ted «, previous caHbration curves fbr this organism. 

Ammal Model of Sepsis, This was performed as described (23) 
Bnefly animab were inocubted with an LD« of £. coU by the tail 
vem: the inoculum was 3 x 10» CFU per animal. All animab re- 
ceived genumicin injections intravenously at a dose of 1 mir ke"' 
at 2 and 5 h after infection, and on each subsequent day a further 
two i.v. doses at 1 mg kg''. Treatment With the p75 and p53 
sTNFR-IgG fusion proteins was given 30 min before infection by 
i.v. injection; control animals were given either saline or an equiva- 
lent dose of human IgG. No difference in survival was seen in mice 
injected with either of these control treatments. Endotoxin levels 
of these protein solutions were <S0 pg of endotoxin injected per 
animal. Mortality was recorded at regular intervals up to 72 h after 
infection; no mortality was observed after this time in the remaining 
animals. Blood for cytokine determinations was obtained from the 
cut tail tip at various times after infection. After clotting, serum 
was stored at -20**C until assayed. 

Cytokine Determinatums. TNF-a was measured by bioassay using 
actinomyrin-sensitized L929 cells as described (31). Typically, the 
lower limit of sensitivity for thu assay was '^1 pg ml"*. Serum 
samples were dUuted 267-fbld for assay, giving a detection Umit 
in serum of ^267 pg ml**. 

LPS Assay. Endotoxin concentrations were obtained by Limulus 
amebocyte lysate assay using a kit according to the manutcturer's 
instructions (Chromogenix, Mdlndal, Svt^en). 

Statistical Analysis. Survival curves were compared by the log 
rank test. Final survival pctcenugcs were compared by the two- 
sample t test. Differences in cytokine levels were compared at a 
given time point by the two-sample / test. A result was considered 
sutistically significant if p <0.05. 

Dissociation of TNF-a from sTNFR-I^C Fusion Prouins. These 
experiments were performed with the p55 sTNFR-IgG3, p55 
sTNFR-lgGl, and p75 srNFR-IgG3 constructs reported previously 
(17, 26). 7.5 fig of the sTNFR-IgG fusion protein was incubated 
with 2.5 Mg TNF-a containing 50 ng »»I-TNF-a {^3 x 10* cpm, 
iodinated according to [32]) in PBS for 20 min on ice. Unbound 
•^I-TNF-a was separated on a Superose 12 column (Pharmacia. 
Dubcndorf, Switzerland) equilibrated in PBS. The '"I-TNF- 
a-sTNFR-IgG complexes were coQected in a volume of 750 pd and 
treated with a 50-fold excess of unlabeled TNF-a at room temper- 
ature (23**C). 60-^1 aliquou were withdrawn at different times and 
added to 10 ^1 packed protein G-Sepharosc beads (Pharmacia) sus- 
pended in 40 m1 PBS conuining 2% FCS. After 4 min incubation 
with agitation, the beads were separated by filtrating the sample 
through a 0.22-Mm filter (MC filtration unit; Milli pore. Guyan- 
coun, France), The radioactivity in the filtrate and on the filter 
was measured in a gamma-counter. The time required for quan- 
ta utivc prccipiution of the fusion proteins with the protein 
G-Sepharose beads (4 min) was added to the overall incubation time. 

Results 

Effect of p75 sTNFRJgCl Fusion Protein on Survival Groups 
of mice were pretreatcd cither with 250 fig of the p75 sTNFR- 
IgGl fusion protein or an equivalent volume of saline 30 min 
before an LD« i.v. injection of £. coli. Survival in these two 
groups of animals is shown in Fig. 1. Control animals show 
a steady decrease in survival, starting at 5 h after infection, 
with a final survival percentage of 11%. The p75 sTNFR- 
IgGl-treated animals initially were proteaed against death. 
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Figure 1. Survival of mice following i.v. infeaion pretreated with 250 
of the p75 sTNFR-IgGl fusion protein (n • 20) 30 min before infec- 
tion, or with saline (wikitrol, n • 18). 



with no deaths recorded until 20 h after infeaion. However, 
thereafter the mice began to die at the same rate as the con- 
trol animals, with a final survival percentage of 30% in the 
p75 sTNFR-IgGl-crcated group (Fig. 1). The overall differ- 
ence in the survival curves between the two groups of mice 
was sutistically significant {p <0.05; log rank test), although 
the difference between the final survival percentages of 19% 
was not significant (95% confidence interval ± 22%). This 
delay in the death of infected mice produced by the p75 
sTNFR-IgGl protein, but with no final protective effect, was 
highly reproducible, with identical results obtained on two 
separate occasions. In addition, the same delayed death in p75 
sTHFR-IgG-tneated animals was obtained compared with con- 
trol animals which received 250 pig of human IgG. No sig- 
nificant protective cffeas were seen using lower doses of p75 
sTNFR-IgGl fusion protein (dau not shown). 

TNF<x Uvfls after Infection in p7S sTNFR-IgCl-treated 
AnimaL In this model of sepsis, serum TNF-a levels after 
infection show a peak at 90 min after bacterial inoculation 
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Figure 2. Bioaccive senim TNF-a levtb after i.v. infection in the animals 
from the ocperimenc of Kg. I. Each point is the mean valtie of sen from 
three mice. Error ban arc s: 1 SEM. The dotted line indicates the lower 
limit of sensitivity of the cytotoxicity assay. 



with undetecuble levels of TNF-a at later time points (F 
2). The mice treated with the p75 sTNFR-IgGl prot 
showed a significant reduaion in this peak level of bioaa 
TNF-a from 76.4 ng ml** in the control animals to 4.7 
ml-* in the treated group (p <0.01, two-sample t tet 
However, in contrast to the control animals, bioaaive TNF 
levels in the p75 sTNFR-IgGl-treafccd mice persisted at t 
low level for the next 24 h, only becoming undetecuble 
30 h after infection (Fig. 2). 

RoleofTNF^x in the Delayed Death of the pi 5 sTNFR^l£( 
Animals. We wished to determine whether TNF-a v 
responsible for the delayed death of the p75 sTNF 
IgGl-trcated mice after bacterial infection, as shown in F 
1. To answer this question, we set out to determine wheth 
a neutralizing antibody to TNF-a with known effect in ti 
model (23) could prevent the delayed death in the p75 sTNF! 
IgGl-trcatcd animals. Four groups of 10 mice were all sim\ 
uneously infected with an LD« of £. coli as before. Ea 
group received a different treatment. Control- treated anim; 
showed a progressive drop in survival, with a final survi\ 
pcrcenagc of 10% (Hg. 3, cwssa). Mice receiving p75 sTNF] 
IgGl as before showed a delay in death, but with no fir 
difference in outcome compared with the control group (Fi 
3, open circUs), The remaining two groups of mice receiv 
a neutralizing antibody to TNF-a (TN3) at 4 h after infc 
tion {arrow in Fig. 3). When given on its own at this tir. 
after infection, this antibody is unable to protect mice fro 
death (fig, 3, filled squares), as we have previously shown (22 
However; when TN3 was administered at this time in anim; 
that had already received 250 fxg of the p75 sTNFR-IgC 
frision protein 30 min before infection, the anci-TNF-a ant 
body produced significant protection against death (Fig. 
open squara; p <0.05, log rank test). The low levels of bi 
active TNF-a that persist in the drcubtion ot the p75 sTNFl 
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Figure' 3. Survival curvw of mice after i.v. infection with different trc= 
ment regtmenj. Control animals received saline at 30 min before infe 
tion. p7S sTNFR-trcaied animals received 250 /ig of the pT5 $TNFR-IgC 
fusion procein at 30 min before infection. Control plus TN3 animals r 
ccived the control injeatoa as well as 1 mg of TN3 antibody at 4 h aft 
in&ctioo (arrow), p75 flTNFR plus TN3 animali received 250 Mg °^ ^ ' 
p75 sTNFR-IgGl fusion protein at 30 min before infccnon a$ well as 
mg of the TN3 at 4 h after infection. Each group conmtcd of 10 mic 
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IgGl-trcated animals are thus responsible for their delayed 
death. 

The reduction in mortality produced by the administra- 
tion of the TN3 in the p75 sTNFR-IgGl-created mice is as- 
sociated with a reduction in the bio active TNF-a levels (Fig. 
4). Animals receiving pretreatment with p75 sTNFR-IgGl 
still have measurable bioactive TNF-a levels of 2,2 ng ml * ^ 
(SEM 0.67) at 24 h after infection, compared with levels of 
0.32 ng ml" ' (SEM 0.32) in the mice receiving both the p75 
and the TN3 {p <0.05, two-sample r test). 

Effect of a DoubU Dose of the p7S sTNFR'IgCl Fusion Pro- 
tein on Mortality. One possible cxplanarion for the lack of 
ef&cacy of the p75 sTNFR-IgGl fusion protein in protcaing 
against death is that an insufficient amount of the reagent 
was given. To address this question, we treated a group of 
mice with two doses of the p75 fusion protein: 250 /ig was 
given 30 min before infcaion as before, and a further 250 
ptg dose was given at 4 h after bacterial inoculation. There 
was no difference in the survival of these mice receiving two 
doses of the p75 sTNFR-IgGl protein compared with con- 
trol animals that were infected but that did not receive the 
fusion protein (data not shown). The animals receiving the 
double dose of the p75 sTNFR-IgGl protein still showed the 
low but persistent levels of bioactive TNF-a in the circula- 
tion, as seen with mice receiving a single dose (data not 
shown). 

Effect of p55 sTNFR-IgCl Fusion Protein on Survival The 
effects of the p55 sTNFR-IgGl fusion protein on survival 
following i.v, infection of mice vnth £, coli was investigated 
in oacily the same manner as with the p75 construa. Pretreat- 
ment of mice with 50 fig of the p55 sTNFR-IgGl protein 
30 min before bacterial infection gave a significant protec- 
tion from death compared with control untreated animals 
(Fig. 5; p < 0.05, log rank test). Animals treated with 200 
/ig of the p55 sTNFR-IgGl fusion protein produced an en- 
hanced protective effect compared with the lower dose (Fig. 
6). The difference in survival between p55 sTNFR- 
IgGl-treated and control mice was highly significant (p < 
0.01, log rank test). 
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Figure 5. Survival curves of mice after i.v. infectioa creaced with cither 
saline {Control) or with SO tt% of the p55 sTNFR-lgGl fusion protein 3t 
30 min before infection, n « 20 for each group. 



TNF-a Levels after p55 sTNFK-IgCl Treatment, The bio- 
active TNF-a levels in the serum of the mice in this experi- 
ment are shown in Fig. 7. At all time points after infeaion 
there was no detectable TNF-a in the serum of the p55 
sTNFR-IgGl-treated mice, compared with the sharp peak 
of TNF-a seen at 90 min after infection in the control animals. 

Direct Comparison of the p7S and p55 sTNFR IgC Fusion 
Pmteins. To be certain that the observed differences between 
the p55 and p75 receptor construas reflect a real difference 
in biological eficacy, we compared the ability of the two 
sTNFR-IgG reagents to protea against death dircaly within 
one experiment. A group of 30 mice was divided into three 
groups of 10 animals. One group received an i.v. injection 
of saline, another 250 /ig of the p75 sTNFR-IgG. and- the 
remaining group 200 fig of the p55 sTNFR-lgG. 30 min 
later, all animals were inoculated with an LDoq of £. coli. 
72-h survival in the three groups showed 2 out of 10 animals 
alive in the control group, 1 out of 10 alive in the p75 sTNFR- 
IgG- treated group, and all 10 animals alive in the p5 5 sTNFR- 
IgG-ircatcd group. 

Kinetics of TNF-a Binding to p55 and pi 5 sTNFR-lgC Fu- 
sion Proteins. To investigate differences in the biochemical 
TNF-a binding properties of p55 and p75 TNF receptor- 
derived fusion proteins, the rate of exchange of TNF-a in 
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Figure 4. Bioactive TNF-a serum levels in the animals from the ex- 
periment described in Fig. 3. FjcH point is the mean value of sera from 
three mice determined in cytotoxicity assays. Error bars are ; SEM. 



Figure 6, Survival curves of mice after i.v. infection treated wi:h cither 
saline {Contnl) or 200 Mg oi the pS5 iTNFR-lgGl fusion procc-n a: 30 
min before infeaion, /i - 15 for each group. 
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Figure 7. Bioactive TNF-a 
scrum levels in the mice from che 
expehmenc described in Fig. 6. 
Each point is the mean value of 
sera from three mice determined 
in cytotoxicity assays. Error bars 
arc r 1 SEM. 



fusion protcin-TNF-a complexes was determined (Fig. 8). 
Briefly, the various fusion proteins were complcxed with 
*"I-TNF-a. placed in buffer containing excess unlabeled 
TNF-a, and the time-dependent release of ^^sj.j^jp.^ 
measured. These studies revealed that TNF-or complexed with 
the p75 sTNFR-IgG ^-xchanged at a significantly higher rate 
than when complexed with the p55 sTNFR-IgG, as shown 
by the half-lives of about 7 min for the p75 sTNFR-IgG- 
TNF-a complex and about 8 h for the p55 sTNFR-IgG- 
TNF-a complex (Fig. 8), 

Discussion 

We have shown in the experiments described in this paper 
that there is a significant difference in the behavior of the 
p75 and p55 sTNFR-IgGl fiision proteins in their ability to 
neutralize TNF-a and protect against death in a murine model 
of gram- negative sepsis. The p75 construa is able to attenuate 
che high peak levels of bioactive TNF-a produced after in- 
oculation of mice with £. coli, but thereafter these low levels 
of TNF-a penist in the circulation for many hours and mediate 
the late death of the mice. The p55 construct, on the other 
hand, produces complete neutralizarion of serum TNF-a at 
all time points after infection, and provides good protecrion 
against death in this model of sepsis. The beneficial effect 
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Figure 8. Exchange rates of TNF-a complcxed to p55 and p75 sTNFR 
Ig fusion prt^teins. ^^-TW-a was allowed to bind to the various ftision 
proteins 'nd at time zero an excess of unlabeled TNF-a was added. The 
exchange oM^ITNF^ with unlabeled TNF-a was measured at different 
bo^n/f ' '"^^K^^^ P''''"" G-Sepharose beads to separate receptor- 
bound from free TNF-a. 100% complexed i^ITNF-a was deternlined 

and%t%"l^ "''^^^^ ^^'^"^"^ - '^^^ 
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of the poo sTNFR-IgG construct on survival compared wit 
the p75 construct was highly reproducible between cxper 
ments and, importantly, could be demonstrated when th 
two reagents were compared directly within one experiment 
1 he delay m death produced by the p75 sTNFR-IeGl fu 
sion protein in the model used in the experiments describe 
here was sufficient to produce a statistically significant diffe- 
ence between the survival curves for treated and control group 
ot mice, although the hnal outcome was similar between th. 
two groups and not significantly different (Fig. 1) The bio- 
active TNF-a levels in these animals provide an explanatior 
for this result. The p75 sTNFR-IgGl protein is able to at- 
tenuate the peak TNF-a levels after bacterial inoculation but 
thereafter acts as a carrier for TNF-a, which persists in the 
arculation at low levels until 30 h after infection, in contrast 
to the very rapid disappearance of TNF-a in che control 
ammals (Fig. 2). This ability of the p75 sTNFR-IgGl pro- 
tcm to act as a carrier for TNF-a has been observed in mice 
after experimental cndotoxcmia (21). 

The release of bioactive TNF-a fi^m the p75 sTNFR-JgGl 
to produce low but persistent levels of this cytokine up to 
30 h after infection is sufficient to produce the delayed death 
in these animals. This is demonstrated by the ability of a neu- 
tralizing mAb to TNF-a (TN3) administered 4 h after in- 
fection to protea the p75 sENFR-IgGl-created animals (Fig. 
3). When administered at this time point, the TN3 is ineffec- 
tive at protecting against death on its own, presumably be- 
cause the peak of TNF-a has already passed (Fig. 4, control 
ammaU). The TN3 antibody also reduces che circulating bio- 
active TNF-a levels compared with the mice receiving the 
p75 sTNFR-IgGl fusion protein alone (Fig. 4). 

Why docs the TNF-a carried by the p75 sTNFR-IgG fusion 
protein produce a deleterious effect in the model of gram- 
neganve sepsis described here, but is not harmful after endo- 
toxin challenge in mice (21)? There are several possible ex- 
plananons. The TNF-a levels produced after bacterial chaUengc 
in the model used in our experiments are much higher. Mice 
typically have peak levels of ^SO ng ml " ' after bacterial in- 
fection (Fig. 2) compared with the levels of ~0-5 ng ml'^ 
reported after endotoxin challenge in mice (21). In addition, 
i.v. challenge with live bacteria is a considerably more com- 
plex stimulus than LPS challenge alone. For e.xample. the 
LPS-resisunt mouse strain C3H/HeJ is as susceptible to i.v. 
challenge with live £ coU as its parent strain, C3H/HeN, 
-despite an enormous difference in susceptibility after LPS chal- 
lenge (33). Finally, in producing a lethal effect m animals, 
TNF-a syncrgizes strongly with other cytokines such as 
IFN-7 which are produced at high levels in the model of 
sepsis used in the experiments reported here (34. and data 
not shown). 

An important considerarion in the experiments with the 
p75 sTNFR-IgG protein is that the results obtained might 
be dependent on che exact stoichiometry of binding of the 
p7S fusion protein with TNF-a. In vitro, the earner func- 
tions of soluble TNFR have been demonstrated at low ratios 
of receptor to TNF; at higher soluble receptor concentra- 
tions, the neutralizing properries predominate (35). How- 
ever, the administration of a second identical dose ot the p75 



fusion protein at 4 h after infection in animals that had al- 
ready received 250 30 min before bacterial inoculation 
did not improve survival. In addition, this double dose of 
p75 sTNFR-IgGl fusion protein did not alter substantially 
the prolonged presence of bioactive TNF-a in the scrum of 
the infected animals. This is in marked contrast to the effect 
of TN3 described above and shows that prolonged presence 
of bioactive TNF-a in the scrum of the p75 sTNFR- 
IgGl-treated mice is not due to inadequate dosing of the fu- 
sion protein. 

In contrast to the p75 sTNFR-IgGl fusion protein, the 
p55 sTNFR-IgGl protein provides good protection against 
death in this model of sepsis (Fig. 6). The protective effect 
is dependent on the dose of the administered p55 material. 
At 50 /ig per mouse, the protective effect was much more 
modest than that seen with a 200 /ig per animal dose (Figs. 
5 and 6). With a dose of 200 ^g of p55 sTNFR-IgGl protein 
given 30 min before mrcction, complete neutralization of cir- 
culating bioactive TNF-a was produced (Fig. 7). The 
specificity of the beneficial effect on survival of the p55 re- 
agent is shown by the lack of benefit seen in animals injected 
with either saline, human IgG. or the p75 sTNFR-IgG con- 
struct. 

Why should there be this difference between the p55 and 
p75 reagents? In many respects the p55 and p75 sTNFR-IgGl 
fusion proteins have similar propenies. They both bind TNF-a 
m solution with similar high equilibrium binding constants 
(17, 21). The elimination half-life of both reagents is very 



similar, m the order of 20 h (25, 26). However, one possib. 
explanation for their different effects in this model of seps 
IS their different kinetics of TNF-a binding and release Th 

P^l5r^.^.^'^^ P^°'^*" '''"^ releases TNF-t 

100-fold faster than the p55 fiision protein (Fig 8) Th 
different binding kinetics of p55 and p75 sTNFR-IgG reflec 
inherent properties of the p55 and p75 TNFR molecules th^ 
carry over into the fiision protein constructs (36, and Loetschc 
H., D. Beiluoccio, and W. Lessbuer, unpublished dau). Thu5 
although the p75 fiision protein under equilibrium condi 
tions has the same affinity as the p55 construct, it is less ki 
neticaUy stable. This has a profound influence on the parti 
tioning of TNF-a between fiision protein, natural solubl' 
and membrane bound TNFR in blood, as reflected bv the 
different TNF-a concentrations revealed in the cytotoxicity 
assays. The difference in outcome of the p55 and p75 sTNFR 
IgGl treatments thus may be understood from the differen- 
binding kinetics of the two constructs. 

What arc the therapeutic implications of these results? 
Results from animal models must be interpreted cautiousK 
before extrapolation to human disease. However, the experi' 
ments described here do demonstrate an important difference 
in the biological properties of the two sTNFR-IgG fiision 
proteins. The protective effeas of the p55 construct com- 
pared with the p75 protein in the model of sepsis used in 
our experiments suggest that the p55 sTNFR-IgG will also 
be more likely to be effective in human disease. 
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Eides5taftlicfae fitidaning 



Ich, Wcmcr Lcsslauer, med, Dr, phil nat^ Privacdozenc zur Zeii Gas^rofessor der Yak 
University School of Medicine, Dcpt ^idemlology & Public HeaJth and lininubobiology, 60 
College Strccc, New Haven, CT 06520-8034, USA, mache die folgcodc cidesstaalicbe 
Erklaning. 

Vora Jahr J9S7 bis Endc Joni 1999 war ich in den Biologie-Abtcilungen der Zcntralcn 
Forschungscinhcit und der Forscbungsabtcilung ZentraJes Ncrvcnsystcm der Hoffmann -rLa 
Roche AG in Basel (Schweiz) tatig, iuletet a!s wisscnschafdicbcr Ejcpcrte verantwortlich fiir 
die Lciiung vcrschiedener Forschungsgruppen in den Bereicheo der Protein-, ZcU- und 
Molekularbiologie. Sett Anfang September 1999 bin ich als Gaitprofcssor an der Uoiversiat 
Yale tatig. Meine gegcowartigen Forschungsprojekie bctreffen von pro-inflammatorischcn 
Cyioldnen wic zura Bcispid INFd odcrLymphotoxin (gemcinsara aJs *TNF' bczcichnei) 
vcrmittdic intctzclluiarc Konrniunikadoo, die voo den lelluISren Rezepcoren die&er Cytokine 
aktivicrtcn incrazcllularcn Signaltransdultions-Mcchanismcn, und die durch solche Prozesse 
im Rahmcn von Entzundungsphaenomcnen ausgelOstc organoide Transformation von 
tcriiarcn Jymphoidcn Gcwcbcn. Im wcitercn befasse ich mtch mit der Rollc von Cytolcin- 
akiivicrtcr Signaltransduktion in cognitivcn Funktionen, Diese Art>citen stcllen somitdne 
Wcitcrfiihrung der bcj Hoffinann-LaRochc vcrfolgten wisscnfichafilichen Interessen dar. 
£in Tcil meincs Verantwortungsbercichs bei der Hoffmann - La Roche AG umfasste die 
EntwickJung von Vcrfahrcn zur rckombinantcn Expression und zum Reinigcn und Tcstcn von 
Protcincn, wic beispielswcisc den loslichen TtlF - Rc2cptoren ("sTNFR*') und p75TNF - 
Kczeptor - Inununoglobulia - Fusionsproicincn ("p75sTNFR/IgCr). Diese Rczeptor- 
Fusionsproteinc wunicn durch die Fusion der loslichen cxtcazellularcn Domane dcs pVSTNF 
- Rczepiors, p75sT>JFR, die sdbst TNP bindet, rail cincm Fragment der schwcien Kctte 
eincs humanen IgG -MolekOlcs, das praktisch dem Fc-Teil entspricht. mit 
bioiechnologiscbcn Verfahren konstruicrt 

Weiterhin bin ich einer der Miterfinder der voriiegcnden Europifischen Patenonmeldung mit 
der AnmcJdcnunmjcr 99.100703.0. die solchc p75sTNFR/IgG bcanspnicht Ich war sowohl an 
der Erfindung, der Hcrstcllun^ und dem Tesico dicser Fusionsprotcine bcieiligt. 

Gegensiand der voriiegcnden cidcsstaniicbcn Erldaning sind die im Vcrgleich zu der 
loslichen cxtraccIJuIiiren Domane des p75TNF - Rczcptois p75sTNFR abcrraschcndcn 
Eigcnschaften von p75sTNFR/IgG. Zum Zcitpunkt^ to dem p75s'n>nFR/IgG crstmals 
konscruiert, exprimien und gettsitt wurde, gab es VcrsteUungen fiber die r&umliche Strxiktur 
von TNFa. In dem betrcffendcn Proteinkristall lag TNFcc als Trimer vor uruJ cs wurdc 
vetinutec, dass dies nicht itilein cine Folge der KiistaJIisienmg war, sondem dass das TNFa- 
Trimer auch die biologisch akti vc Fonn \$L Die rHumlichc Geometric der Rczcpior- 
Bindungsstellc war jedoch unbekannt Es wiirc durchaus moglich gewescn, dass die Fusion 
nut IgG - Fragmenten ein ramnliches Gebilde gescbaffen hatte, das wohl TT^OF- 
Rczepjorsequenzen enthaiten h3nc» das aber wegen seiner riumJichen StrukturTNFa 
iibertiaupc nicht binden konnte. 

Die raschc Eli mi na lion und dahcr kuac Ralbwcnszeit von p75sTNFR in vivo nruchtc jedoch 
eine VergrOsserung des MoIekuJs uneriasslich. Es ist nicht auszuschiiessen , dass man sogar 
einc gewissc Einbusse an Binduogsakti vital in Kauf genommeo hatte, um nur cine langere 
Haibwcrtszcit und Biovciftigbarkcit zu crrcichcn. Ucbcrraschcnd zctgtc das Fosionskonstnikt 
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jcdoch cofir cine sdir gate fiindungsokdvitiu. Zudcm (and sich dnc uncrwanet hOhcrc 
kincdsche StabiliOU, und eJoc Cbeff*sclicnd bessere bifnbiennie dcr Wirkimg voo TNFa in 
biologiichcn ZcIUcultur-Testen. 



Die hahcrc kincdsche Stabilidit von p75$TOFRyigG lam sich duich den folgcndcn Venuch f 
(si'chc Kgur) vcr&nschaulicbcn: p75$TNFMfiG und p75sTNFR wcnico in scparacen 
Rcahionsgcfasscn tnh nidioaktivcm TOTa inlcuWcrt. $odass die jewdligen molckularcn 
Spezics im Komplex mit maridcrtem TNFd vorfiegen, Dicse Komplexc wcnJen todann in 
ncue L^snngcn (ibcrfiJhit, die cincu Ucbcrschuss an tmnurldcrtcin TNFa cachaJteo. Wie 
aligcmcin in jedcr Bindungsstndic wurdc anch hicr gefiinden, da« TNFct mit eincr fllr den 
jcwciligen RcaJaionspartncr spczifischcn Kinctik an p755WI=R/IgG tmd p75iTNFR andocta 
und wiedcr dissoziicn. In teitabhangiger Weisc wurde nun die Austauschraie von kalxcm 
TNFa our dera jewcils an ^ISsTNFM^ und p75sl>lFR gcbundcncn raaddcrtcn TNFa 
bcsu'mmL Einc gcnauc Beschrcibung der cxperimemellcn Technik dieses Vcisuches wird im 
Annex gcgcbcn. Die Ergebnissc dicscrExpcrimenie «ind in der fblgendcn Figur dargcstdlt. In 
dieser ist auf der waagiechten Achse die Zeit in Stunden and auf der scnkrechten Achse der 
AntciJ an spezifisch gcbundcnen radioakriv madcienem TNFtt in % angegebcru NichtgcfilHtc 
Drciecke sichcn fllr p755TNFR und gcfillltc Drcieckc stehcn fur p75sTOFK/IgG- 



100^ 
80- 




Dicser Figur kann n}an klar cntnchxnen, dass am voo der Versuchsanordnung her fruhest 
mCglichen erstcn Mcsszeitpunkl, d.h. nach ctu-a scchs Minutcn, dai gcsamtc an p75sTNFR 
gcbundcne TNFa bcrcits vollstfindig ausgcuuschi wordcn war. }£ngegen warcn bci 
p75sTNFR/rgG zu dicscm ZcitpunJct mt etwa die HSIftc der markierten TNFa MolckOle 
ausgeiauscbt wofden. Dies bedeutet, dass TNFa mit einer wcscnUicb langsameren Kincrik 
von p75TNFRyigO dissoziicn als von p75sTNFR, Damic wird die Wirkung von TNFd daich 
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p75sWFR/IgG wcscntlidi bcsscr ncutraJisicrt als durch p75sTTIFR, da das ficigewordcnc 
TNFa wicder biologischc AktivitSt cntfelten fcaim. Dksc Eigcnichaft losst da$ 
p75sTOFRyigG Fudonskoflstrukr ganz imabhangl^ von dcr durch die VcrgrtJsscnrag dts 
MolelciUcs bedtngten langsamcren Eliminadon in vivo lis potcntcres phannakologisches 
Agens erschdoeo. 

Dicsc unvorfacrschbarc Eigcaschaft koirclicn audi mit einer imcnvartct besscieo InMbierung 
dcr Wirfcuug von TNF durch p75sTNFR/IgG gcgcnubcr p75sTNFR, mt dcr fdlgende 
Vcrsuch n (sichc Tobclle) vcrdcutlidiL Dabd handcit cs sich um cincn Vcfsucfa in Zcllkulmr 
mil weissen, sog. mononukJcareo Blutzellen. die aus humanem Blut isolicit warden warcn. 
Dicsc Zcllcn lasscn sich in Kuloir durch BchandJuog mft mitogencn Substanzen zur 
Proliferatioii itimuficrcn, die dadurch zu Standc kommt, dass einzcinc ISdlgmppcn in dcf 
Kukur durch die Mitogcn-Bchandlung ausgclOst iekundJir Wachstunisfaktoz^ ptoduzicren 
und in das Kulmnncdium abgebcu. Dcr bckanntcstc dieser WacfasiumsfaJaoren ui das 
wohlbckanntc In(crlcukin-2. Dancbcn hat cs sich gcradc durcfa Unccwuchungcn, die dutch die 
Verfugbarkeil von Rcagcnticn wie p756TNFR/IgO und p75sTNFR cnnoglicht wurdcn. 
gc2eigi» dass unier andcrcm auch TNF in den spStcrcn Phasen solcher Kulnncn cine 
icllwachytuowfardcnidc AktiviUit cntfaltet Die Eigenschaft voo p75sTNFR/rgG und von 
p75sTNFR, TNF zu bindcn und zu neutral isiercn, ciiaubt nun, dicsc pfolifctativc Akrivitttt 
von TNF zu inhibicrcn. Das Ergebois cincs deranigcn Vcreuchs isc in der uncensiehcndcn 
Tabcllc fcstgchaltcn. In dicscra Vcrsuch wordc die Zcllprolifcration durch den Snbau dcr 
radioaktiv markicrten Vorstufc Thymidin in die rellulare DNA gemessen (siehc Annex), 



Vcmendete Konstmkte Inhibienjng dcy Embau^ von 

Deuterium * Thvmidin ( Tag 7) 

p75sTNFR 68% 
p75sTNFR/JgG g6 % 



Aus diespr TabelJe ist klar crsichdich, dass das Fusionsprotein p75sTOFR/IeG gegenOber dcr 
loslichen exoazellularen DomSne p75sTNfR eine ueberraschend besscrc Ncutrah'sicrung dcr 
TNF Akiivitat, dh. dcr Proliferation dcr Blur- Zcllcn in Kulnir, bewirki. 

Eine derari potenterc neucralisiercnde Wirkung ist in paihologischcn Zustfinden, die durch zu 
slarke TNFa Freisetzung mitvcrui^acfal wcrdcn, sehr cnvunschL Es ist hier wichtig, daran zu 
ciinnenx dass TNFa zwar io vielen paibologischeo ZusOindea cin wichugcr Fakior dcr 
Winsabwehr ist und damit fUr den Organismus cine Mchdge positive Funktion hat TNFa hac 
jcdoch cin Janus-Gcsicht, und cntfahet in andercn Sioiaiionca - sci cs durch zu scarkc 
Expression, Expression am folschen Ort, odcr zur falschcn Zcit - krankmachcndc Wirkungcn. 
Da man bcrcits zum Zciqsunkt der voriicgcnden Awneldung annahm, dass bd cioer Reihe 
von Krankhcitcn, wic bcspiclswcise dcr rheumathoiden Arthritis, TNFdt in dcr Enrstchung dcr 
Enuondung und in der Gcwcbs-Zerstttrung in den Gelenken eine Rolle als krankmachender 
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Mediator fpicit, sollten SubstanTen wdche die Wiricung von TNFa inhibicren audi bd dcf 
Bchandlung soldier Kraakheiten els phannazcutisdi wirksame Substanzen cinseabar s«n. 
Diesc Gcdankcngangc habcn spater durch die ctfdgrcichc EinfUhrung cines p75sTNFR-Igb 
Praparetcs in die Thcrapic dcr riicumatoidco Artlidiis ihre voUe Bcrtatigung gefiindca. 
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Vcf^uch 11: 

Man inJcubicrt 1.4^g/ml dcs p75sTNFRngG biw. 0.75 yLg/ml dcs p75sTNFR in ImJ 
Pbosphat- gcpuffcrtcr Kochsalzlftsung ("PBS^'ciithaltcnd J Sfc foccales Kaiber^crum) mic 
25ng/ml l-marldcncm TNFo, das io seiner Rezeptor-B indung von umoaiidcnein TNFa 
nichi 2u untcrschciden war. 2um ZeitpunJct Null sctzt man dann aticn 1000-fachen 
Ucbcrsdiuss nidjonarkienc* INFa dazu und cocnimmt zu vcrschiedencn Zcitpunkten jcweils 
kldne Proben von 60^. Diesc Proben gibt man in MilUpore 0.22/i MC Filterdnheiccn die 
bcrcits 20|iJ cincr 50%igcn Suspension von *Protcin G Scphaxose 4 Fast Flow Beads' 
rSepharose-Kugdn")in PBS ini( 1 % fbialem KSlbersenim cnchalten, Damic p75sTOFR/IgG 
bzw. p73sTNFR an die Scpharossc Kugd binden keancn, wurden diesc rait cincm gcgcn den 
TNF-Rezeptor gerichtctcn Aniik&per vorbeschichtct (Img Antikfiipcr/ ml Sepharose- 
Kugdn). Nach Inkubation wihrend 4 min, untcr SchOtteln wurden die Fiiondonsdnheiten 
zcntrifiigicrt (13000 fpxn, 30 sck.), und damit das ungcbundcncWFa abgecrenot» wahrcnd das 
an p75sTNFR-lgG bzw. p75sTNER gebundene TNFa auf den Scpharosc-Kugein haftcn 
blieb. Damit wurde es mOglidi, die am jcwctligcn Zcitpunkt nodi am p75sTNFR-IgG und 
p7SsTNFR gcbundene Mengc von radioaJctiv markicncra TNFa zu mcsscn, Nicht-spczifischc 
Bindung wurde in dcrsclbcn Wcisc in Abwesenheit von p75sTNFR/rgG bzw. p75sTNFR 
bcstimraL lOO^ige Bindung wurde in Abwcscnheit von nichtmailcienem TNFa bestimmc 
Die Vcnudie uimden bd 2fC durchgcfilhri. 



Vcrsuch n 

Mononuklearc ZcIJen wurden aus friscbera vcnoscn Human- Blut von gcsundcn Spendera 
mitteJs cines FicoII Paque- Dichregradicntcn (Pharmacia, Uppsala, SchwedenJ in cinem 
Zitnitpuffer isolicrt Diese wdssen Blut - Zdlcn wundcn zwcimal raic ciner Phosphat- 
gcpufferten Kodisalzlosung gcwasdicn und bei dncr Diditc von J .0 x 10* Zdlen/ml in RPMI 
1640 Kulturmcdiuni, das mit iO%igem hitzeinaktiyicrten fdtalen KWbcrscrum, JOG 
Einheiten/mJ Pcnizillin, lOOng/ml Streptomycin und 2mM Glutaroin supplcmenriot worden 
war. kultivien. Fiir den Prolifcrationsie«t wurden die Zdlcn in Flachbodenmikrodteiplaacn 
(NUNCLON 1-67008: Roskilde, Dancmark) in lOOfil Medium kultiviert, DieZcIlen wuixicn, 
mit PhytohacmagglurimaCWdlcomc. Dartford, England) bei zuvor bestimmtcn opdmalen 
Konzcncrationen im Bercidi von 0.5 bis 1.5 jig/ml sdmulicrt. Zum Stanzeitpunkt dcr Kulcur 
(Tag 0) wurde p75sTNFR/IgG b2wp75sTNFR bis zu einc Konzcntration von lO/ig/mi 
rugcgcbcn. Das Kulnirmcdium wurde nach 3. 4 und 6 Tagcn aufgcfnscht. Die 
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Zcllproliferation wunte tiadi 7 Tagcn gemcfiscn. wobd dsn Kulmicn scchs Stundco vor dcm 
EnatCT mit cinem UCB ZcUemlcr IjiO/Kultur McAyWH-Thymidin (ImCiAnl Amcisham, 
Bucldnhaimhirc, England) zugcsetzi wurdc Die in die Zdko cingebaute Radioaktivitttt 
wurdc in cinem Bctaplaacn-FIilssig SzintilladooszShlcr (Hwnnacia. Uppsala, Scfaweden) 
gcmesscn. Die dargucellcen Wctte stcllen den Minelwcrt von diei Kulmren dar. 
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Affidavit 

I, Werner Lesslauer M.D., Ph.D., Private Lecturer, presently Visiting Professor at the Yale 
University School of Medicine, Dept. Epidemiology & Public Health and Immunobiology, 60 
College Street, New Haven, CT 06520-8034, USA, hereby file an affidavit in lieu of an oath: 

From 1987 to the end of June of 1999, 1 was working in the Biology Departments of the Central 
Research Unit and the Research Department, Central Nervous System, of Hofiftnann-LaRoche 
AG in Basel (Switzerland); toward the end of my activity, I worked as scientific expert and was 
responsible for the management of different research groups in the fields of protein, cell and 
molecular biology. At the beginning of September 1999, 1 began my work as a Visiting Professor 
at Yale University. My current research projects relate to the intercellular conununication 
mediated by pro-inflammatory cytokines, such as TNFa or lymphotoxin Qointly called "TNF"), 
the intracellular signal transduction mechanisms activated by the cellular receptor of these 
cytokines, and the organoid transformation of tertiary lymphoid tissue triggered by such 
processes in the context of inflammatory phenomena. In addition, I am also working on the role 
of cytokine-activated signal transduction in cognitive fianctions. Thus, my current research 
extends the scientific interests I pursued at Hoffmann-LaRoche. As part of my responsibilities at 
Hof&nannLaRoche AG, I worked on the development of methods for the recombinant 
expression and for the purification and testing of proteins, such as the soluble TNF receptors 
("sTNFR") and p75TNF receptor immunoglobulin fiasion proteins ("p75sTNFR/IgG"). These 
receptor fiasion proteins were constructed by means of the fiision of the soluble extracellular 
domain of the p75TNF receptor, p75sTNFR, which itself bind TNF, and a fi-agment of the heavy 
chain of a human IgG molecule which practically corresponds to the Fc portion, using 
biotechnological methods. 

I am also one of the co-inventors of the present European Patent Application with the 
Application Number 99.100703.0 which claims such p75sTNFR / IgGs. I participated both in the 
invention and in the production and testing of these fiision proteins. 

The subject matter of the present affidavit in lieu of an oath concerns the properties of p75s 
TNFR / IgG which are surprising when comparing them to those of the soluble extracellular 
domain of the p75TNF receptor, p75sTNFR. At the time when p75sTNFR / IgG was first 
constructed, expressed, and tested, knowledge of the spatial structure of TNFa was available. In 
the relevant protein crystal, TNFa was present in the form of a trimer, and it was 
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hypothesized that this was not only a result of the crystallization but that instead, the TNPa 
trimer is the biologically active form as well. But the spatial geometry of the receptor bmding 
site was unknown. Thus, it could have been possible that the fusion with IgG fragments created a 
spatial structure that would have contained TNF receptor sequences but which, due to its spatial 
structure, was completely unable to bind TNFa. 

The rapid elimination and thus the short half-life of p75sTNFRjnvivo, however, made it 
imperative to enlarge the molecule. It cannot be excluded that there might even have been a 
willingness to accept a certain decrease of the binding activity only to obtain a longer half-life 
and greater bioavailability. Surprisingly, however, the fusion construct obtained even had an 
excellent binding activity. In addition, an unexpectedly higher kinetic stability and a surprismgly 
improved inhibition of the effect of TNF in biological cell culture tests were discovered as well. 

The higher kinetic stability of p75sTNFR / IgG can be illustrated on the basis of the following 
experiment I (see figure): In separate reaction vessels, p75sTNFR / IgG and p75s TNFR are 
incubated with radioactively labeled TNFa so that the respective molecular species are present m 
the complex with labeled TNFa. These complexes are subsequently transferred into new 
solutions which contain an excess of unlabeled TNFa. As is generally the case in any binding 
study, it was found here as well that TNFa binds to and dissociates itself from p75sTNFR / IgG 
and pVssTNFR with kinetics specific to the respective reaction participant. Next, the exchange 
rate of cold TNFa with the labeled TNFa bound to p75sTNFR / IgG and p75sTNFR was 
determined as a fimction of time. A detailed description of the experimental technique of this test 
can be found in the appendix. The results of these experiments are illustrated in the figure below, 
hi this figure, the time in hours is plotted on the horizontal axis, and the percentage of 
specifically bound radioactively labeled TNFa in % is plotted on the vertical axis. Unfilled 
triangles stand for p75sTNFR and filled triangles stand for p75sTNFR / IgG. 
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This figure indicates very clearly that, based on the experimental set-up, at the earliest possible 
first time of taking a reading, i.e., after approximately six minutes, the labeled TNFa bound to 
p75sTNFR had been completely exchanged. For p75sTNFR / IgG, on the other hand, at that 
point in time, only approximately half of the labeled TNFa molecules had been exchanged. This 
means that TNFa dissociated with considerably slower kinetics fi-om p75TNFR / IgG than it 
does fi-om p75sTNFR. Thus, the effect of TNFa is considerably better neutralized by p75sTNFR 
/ IgG than by p75sTNFR, since the liberated TNFa, is able to become biologically active again. 
This property, quite apart fi-om the elimination in vivo which is slower as a result of the 
enlargement of the molecule, makes the p75sTNFR / IgG fiision construct a more potent 
pharmacological agent. 

As experiment II below (see table) illustrates, this unforeseeable property also correlates with an 
unexpectedly superior inhibition of the effect of TNF by p75sTNFR / IgG as compared to 
p75sTNFR. This test is carried out in a cell culture with white, so-called mononuclear, blood 
cells which had been isolated fi-om human blood. In culture, these cells can be made to 
proliferate by treating them with mitogenic substances, which proliferation is propagated by the 
fact that individual cell groups in the culture produce growth factors which are secondarily 
triggered by the mitogen treatment and which are released into the culture medium. The best 
known of these growth factors is the well-known interleukin-2. In addition, tests which were 
made possible because of the availability of reagents, such as p75sTNFR / IgG and p75sTNFR, 
had shown that, among other things, TNF also develops a cell growth-promoting activity in the 
later phases of such cultures. The property of p75sTNFR / IgG and of p75sTNFR to bind and 
neutralize TNF makes it possible to inhibit this proliferative activity of TNF. The result of such a 
test is summarized in the table below. In this test, the cell proliferation was measured by 
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incorporation of the radioactively labeled precursor thymidine into the cellular DNA (see 
Annex). 

Construct Used Inhibition of the incorporated 

^H-Thvmidine (day 7) 

p75sTNFR 68% 
p75sTNFR/IgG 86% 



This table illustrates clearly that compared to the soluble extracellular domain p75sTNFR, th^ 
fusion protein p75sTNFR / IgG causes a surprisingly superior neutralization of the TNF activity, 
i.e., the proliferation of the blood cells in culture. 

This more highly potent neutralizing effect is very desirable in pathological conditions that are 
caused by an excessively high TNFa release. In this context, it is important to keep in mind that, 
although in many pathological conditions TNFa is an important factor of the host's defense and 
thus plays an important positive role within the organism, TNFa has two faces and, in different 
situations, develops effects that cause disease -- either by an excessively high expression, or an 
expression in the wrong site or at the wrong time. Since it was assumed as early as at the time of 
the present application that in a number of diseases, such as rheumatoid arthritis, TNFa plays a 
role as a disease-causing mediator in the development of the inflanmiation and in the destruction 
of the tissue in the joints, the next step was to assume that it should be possible to use substances 
that inhibit the effect of TNFa as pharmaceutically effective substances in the treatment of such 
diseases. Later on, these hypotheses were fully corroborated when a p75sTNFR-Ig/G preparation 
was successfully introduced into the therapy of rheumatoid arthritis. 



A ppendix 

Experiment I : . . , • , 

1.4 ^g / mL of p75TNFR / IgG and 0.75 ^g / mL of p75sTNFR were separately incubated in 1 
mL of phosphate-buffered physiological saline solution ("PBS" containing 1% fetal calf serum) 
with 25 ng / mL '"l-labeled, TNFa which, with respect to its receptor binding property, was not 
distinguishable from unlabeled TNFa. At time zero, a 1000-fold excess of unlabeled TNFa was 
added, and small samples of 60 nL were taken at different times. These samples were placed into 
Millipore 0.22 ^ MC filter units which already contained 20 ^L of a 50% suspension of 'Protein 
G Sepharose 4 Fast Flow Beads' ("sepharose beads") in PBS with 1% fetal calf serum. To ensure 
that p75sTNFR / IgG and p75sTNFR can bind to the sepharose beads, these beads had been 
coated earlier with an antibody directed against the TNF receptor (1 mg of antibody / mL of 
sepharose beads). After an incubation time of 4 min with shaking, the filtration units were 
centrifuged (13000 rpm, 30 sec), thus separating the unbound TNFa, while the TNFa bound to 
p75sTNFR-IgG and p75s TNFR adhered to the sepharose beads. This made it possible to 
measure the quantity of radioactively labeled TNFa that was still bound to p75sTNFR-IgG and 
p75sTNFR at a given time. Nonspecific binding was determined in the same manner in the 
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absence of p75s TNFR / IgG and p75sTNFR. 100% binding was determined in the absence of 
unlabeled TNFa. The experiments were carried out at 25°C. 

Experiment 11: 

Mononuclear cells were isolated from fresh venous human blood of healthy donors by means of 
a FicoU Paque density gradient separator (Pharmacia, Uppsala, Sweden) in a citrate buffer. These 
white blood cells were washed twice with a phosphate-buffered physiological saline solution and 
culmred at a density of 1 .0 x 1 0'* cells / mL in RPMI 1 640 culture medium which had been 
supplemented with 1 0% heat-inactivated fetal calf serum, 1 00 units / mL penicillin, 1 00 ng / mL 
streptomycin, and 2 mM glutamine. For the proliferation test, the cells were cultured in flat 
bottom microtiter plates (NUNCLON 1-67008; Roskilde, Denmark) in 100 ^L medium. The 
cells were stimulated with phytohemagglutinin (Wellcome, Dartford, England) at previously 
determined optimum concentrations in a range from 0.5 to 1 .5 ^ig / mL. At the time the culture 
was started (day 0), p75sTNFR / IgG and p75sTNFR, respectively, up to a concentration of 10 
lag / mL were added. The culture medium was renewed after 3, 4, and 6 days. The cell 
proliferation was measured after 7 days; 6 hours prior to harvesting with the LKB cell harvester, 
1 ^Ci of methyl-^H-thymidine (1 mCi / ml, Amersham, Buckinghamshire, England) per culture 
was added. The radioactivity incorporated into the cells was measured in a betaplate Hquid 
scintillation counter (Pharmacia, Uppsala, Sweden). The values recorded are the mean value of 
three cultures. 

[handwritten:] 



New Haven, October 8, 2001 



[signature of W. Lesslauerl 
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Soluble Tumor Necrosis Factor (TNF) Receptors 
Are Effective Therapeutic Agents in Lethal 
Endotoxemia and Function Simultaneously as 
Both TNF Carriers and TNF Antagonists 

Kendall M. Mohler/* Dauphine S. Torrance^* Craig A. Smith/ Raymond G. Goodwin/ 
Kay E. Stremler/ Victor P. Fung," Hassan Madani/ and Michael B. Widmer* 

•Departments of Immunology, ^Biochemistry, *Molecular Biology, ^Analytical Biochemistry, ^Mammalian Cell 
Development, and '''Purification Development, Immunex Corporation, Seattle, WA 98101 

Abstract. Two forms (monomeric or dimeric) of the extracellular, ligand-binding portion of the human p80 cell- 
surface receptor for TNF were used to antagonize TNF activity in vitro and in vivo. The dimeric sTNFR:Fc molecule 
was a more potent inhibitor of TNF than the monomeric sTNFR (50 to lOOOX), as assessed in vitro by inhibition 
of TNF binding or bioactivity and in vivo by protection of mice from an otherwise lethal injection of LPS. Surprisingly, 
the dimeric sTNFR:Fc construct demonstrated a beneficial effect even when administered 3 h after a lethal LPS 
injection (i.e., after serum TNF levels had peaked and receded). To study the mechanism by which the soluble TNFR 
functions in vivo, serum TNF levels were examined in mice given LPS in the presence or absence of soluble receptor. 
Administration of a mortality-reducing dose of sTNFR.fc ablated the rise in serum TNF bioactivity that normally 
occurs in response to LPS. However, TNF bioactivity was revealed in these "TNF-negative" serum samples when 
the L929 bioassay was modified by inclusion of a mAb that blocks the binding of murine TNF to the human soluble 
TNFReceptor. These results indicate that the absence of direct cytolytic activity in the L929 assay was caused by 
neutralization of TNF, rather than to an absence of TNF in the serum. Moreover, administration of either monomeric 
sTNFR or low doses of dimeric sTNFRrFc actually resulted in increased serum TNF levels compared to mice given 
LPS but no soluble receptor. However, these "agonistic" doses of soluble receptor did not lead to increased mortality 
when an LD^o dose of LPS was given. Thus, dimeric sTNFR are effective inhibitors of TNF and under some cir- 
cumstances function simultaneously as both TNF "carriers" and antagonists of TNF biologic activity. Journal of 
Immunology, 1993, 151: 1548. 



TNF is a polypeptide hormone released by activated 
macrophages and T cells, which mediates a wide 
range of biologic functions. In addition to its po- 
tential role as a regulator of the normal immune response, 
TNF is also thought to play a major role in systemic toxicity 
associated with sepsis (1-6). TNF may also be involved in 
the pathogenesis of AIDS (7-9) as well as a number of 
autoinunune and inflammatory diseases (10-13). A mole- 
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cule that specifically inhibits the biologic activities of TNF 
may thus have considerable therapeutic utility. 

Soluble, extracellular, ligand-binding jwrtions of cyto- 
kine receptors occur naturally in body fluids and are be- 
lieved to regulate the biologic activities of cytokines (14- 
17). The importance of these molecules as cytokine regu- 
lators is underscored by the fact that several pox viruses 
encode proteins with structural and functional homology to 
the extracellular portions of the receptors for TNF and IL- 1 
(18-20). Considerable controversy exists concerning the 
type of regulatory role naturally occurring soluble cytokine 
receptors might perform. Although it is likely that such 
molecules will function as cytokine carriers in an opera- 
tional sense by altering the biodistribution of the cytokine 
to which they bind, it is not clear whether such an inter- 
action would serve to agonize or antagonize the biologic 
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effects of the cytokine (21, 22). However, experiments in 
which lecombinant soluble receptors have been adminis- 
tered in vivo demonstrate their potential to inhibit immune 
and inflammatory responses, presumably by acting as an- 
tagonists of cytokine activity (23, 24). 

There are two distinct cell-surface receptors forTNF: the 
80 kDa (p80) and the 60 kDa (p60) receptors, both of which 
bind TNF-a and TNF-P (25, 26). Given the predominantly 
trimeric nature of TNF (25) and the apparent requirement 
for cross-linking of cell-surface TNFR for signal transduc- 
tion (27), it is likely that dimeric soluble receptor constructs 
shouldj)psse^ 

function as considerably more potent competitive inhibitors 
than monomeric sTNFR.^ This prediction has been verified 
by the results of recent experiments demonstrating superior 
TNF inhibitory activity of dimeric Fc fusion constructs of 
p60 in vitro (29). Although soluble forms of both mono- 
meric and dimeric p60 TNFR have been shown to be ben- 
eficial in animal models of sepsis, no direct comparison of 
the in vivo potency of monomeric vs dimeric receptors in 
sepsis has been reported. In addition, little information is 
available concerning the mode of action of such inhibitors 
in vivo. 

Monomeric and dimeric (Fc fusion protein) forms of the 
p80 TNFR were constructed and compared in vitro and in 
vivo for effects on TNF biologic activity. The results in- 
dicate that the sTNFRiFc, but not the sTNFR. was effective 
in reducing mortality associated with LPS administration, 
at least over the concentration range tested. In addition, the 
sTNFRrFc molecule can function simultaneously as both a 
TNF "carrier" and an antagonist of TNF biologic activity 
and thus inhibit the lethal effects of LPS by acting as a 
biologic buffer for TNF. 

Materials and Methods 

Mice 

BALB/c female mice 8 to 10 wk old were purchased from 
Charles River (Wlminglon, MA) and were maintained 
within a specific pathogen-free environment. 

Construction and production of p80 sTNFR and 
sTNFRrFc 

Recombinant sTNFR was expressed in a CHO cell line 
using the glutamine synthetase selectable and amplifiable 
marker. For production, cells cultured to confluence in 
roller bottles were washed with PBS and then cultured in 
serum-free medium. Purification of the sTNFR from the 
CHO supernatant was accomplished in a single affinity 



2 Abbreviations used in this paper: sTNFR, soluble nionon>erlc human p80 
TNFR; sTNFR:Fc, recombinant fusion protein composed of soluble dimeric 
human p80 TNFR linked to the Fc region of human IgCI : CHO, Chinese 
hamster ovary. 



chromatography step using a mAb, Ml, specific for 
sTNFR. 

Recombinant sTNFR:Fc was expressed in CHO cells us- 
ing the dihydrofolate reductase selectable and amplifiable 
marker. Suspension cells were centrifiiged and resuspended 
into serum-free medium in a controlled bioreactor. The 
product was collected after 7 days. The sTNFR:Fc molecule 
was purified using protein A affinity chromatography fol- 
lowed by an ion-exchange step. 

Concentrations of the purified sTNFR and sTNFR:Fc 
were determined by amino acid analysis. Endotoxin levels 
were determined to be <5.6 ng endotoxjn/mg sTNFR or 
sTNFRiFc using die Kinetic-QCL assay (Whittaker Bio- 
products, Walkersville, MD) for detection of Gram- 
negative bacterial endotoxin. Physical characterization 
included SDS-PAGE, N-terminal sequencing, and immun- 
oreactivity analyses (K. E. Stramler and H. Madani, un- 
published observations). A diagrammatic representation of 
p80 sTNFR and sTNFR:Fc is shown in Figure 1. 

Antibodies to soluble TNFR 

The generation of mAb to die human p80 sTNFR has been 
described previously (30). Ml mAb (rat IgG 2b) and M3 
(rat IgG) mAb both bind to the human p80 sTNFR but not 
to mouse TNFR. 

Binding inhibition assay 

Human rTNF-a was expressed in yeast as a protein com- 
posed of the entire coding region of mature TNF fused to 
an octapeptide at the N terminus, useftil in affinity purifi- 
cation. Purified TNF was radioiodinated as described (18) 
to a sp. act. of 2 X 10*^ cpm/nmiol, without loss of biologic 
activity (measured in an L929 cytolysis assay) or receptor- 
binding activity (see below). 

Inhibition assays were carried out as described (31). 
Briefly, ['^^I]TNF-a (0.5 nM) was incubated in binding 
medium (RPMI 1640, 2.5% BSA, 50 mM HEPES buffer, 
pH 7.4, 0.4% NaNa) for 2 h at 4°C with serially diluted 
inhibitors (human sTNFR.Fc, sTNFR monomer, or unla- 
beled human rTNF-a) and 2 X 10^ U937 cells. Duplicate 
aliquots were subsequentiy removed, centrifuged through 
a phthalate oil mixture to separate free and bound ligand, 
and the radioactivity was measured on a gamma counter. 
Nonspecific binding values were determined by inclusion 
of a 200X molar excess of unlabeled TNF and were sub- 
tracted from total binding data to yield specific binding 
values. Data were plotted and results analyzed as described 
(31). 

L929 bioassay for TNF activity 

The protocol used to measure the presence of TNF cytolytic 
activity using L929 cells as targets has been described pre- 
viously (32, 33). Briefly, 10 /xl of mouse serum, mouse 
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SOLUBLE TNF RECEPTORS IN SEPTIC SHOCK 



FIGURE !• Construction of monomeric 
sTNFR and dimeric sTNFR:Fc molecules. 
Extracellular portions of the human p80 
TNFR cDNA were cloned and produced as 
described in Materials and Methods. In the 
dimeric sTNFR:Fc molecule three disulfide 
bonds are depicted. However, the disulfide 
bond closest to the N terminus is normally 
used for binding to the Ig L chain and thus, 
its state (i.e., free cysteine or disulfide bond) 

In, the~5TJslFK:F-c- fusion product -is not 

known. 




rTNF-a (Genzyme, Boston, MA), or supernatant from 
LPS-stimulated RAW 264.7 cells (American Type Culture 
Collection, Rockville. MD) was serially diluted (50%:50%, 
v/v) in flat bottom, 96- well microliter plates. L929 medium 
(RPMI 1640 with 10% FCS, 2 wM t-glutamine, 50 U/ml 
penicillin, and 50 ^g/ml streptomycin) was added to each 
well, followed by soluble receptors, control proteins, or 
mAb in a total volume of 30 /il. Ten microliters of acti- 
nomycin D was then added (final concentration of O.l /ig/ 
well; Sigma, St. Louis, MO). Finally, 5X10* L929 cells 
were added to each well (final volume/well = 100 and 
the plates were incubated at 3TC in 5% CO2. To prevent 
the influence of edge effects on the TNF bioassay, only the 
inner wells of each plate were utilized. All outer wells re- 
ceived 200 ^1 of L929 medium only. After 16 h of incu- 
bation, the culture medium was removed and replaced with 
200 III of 0.5% crystal violet in methanol/water (1/4). The 
plate was washed with distilled water and air dried at am- 
bient temperature. One hundred microliters of 2% deoxy- 
cholic acid (catalog no. D-6750, Sigma) was added to each 
well to solubilize the crystal violet and the plates were an- 
alyzed on an ELISA plate reader at 562 nm. The negative 
control consisted of L929 cells in the presence of 
actinomycin-D. Estimates of serum TNF concentrations 
were obtained by comparing the TNF activity in the ex- 
perimental senim samples with the activity obtained with 
the mouse rTNF-a sUndard. 

LPS-lnduced mortality 

LPS, derived from Escherichia coii 0127:B8 (catalog no. 
DF3 132-25, VWR, Seattle, WA), was resuspended at 10 
mg/ml in sterile saline and stored at -20**C in small ali- 
quots. The LPS was diluted to the proper concenU^tion and 
sonicated (CU-6 sonicaior; Branson, Shelton, CT) for 1 min 
before injection. BALB/c female mice (18 to 20 g) were 
injected i.v. with an LDeo to LD|oo dose of LPS (300 to 400 



fig) in 0.2 ml of saline. The LPS was injected either alone 
or in conjunction with sTNFR, sTNFRrFc or control pro- 
tein, human IgG (catalog no. 1-4506, Sigma). In some ex- 
periments, mice were injected with LPS i.v. followed at 2, 
3, or 4 h with an i.v. injection of soluble receptor or control 
protein. Survival was monitored for at least 5 days and, in 
some experiments, the mice were observed for a maximum 
of 4 wk. However, no further mortality occurred after the 
initial 5-day observation period. 

Results 

In vitro neutralization of TNF activity by soluble 
TNFR 

The ligand binding characteristics of sTNFR monomer and 
sTNFR:Fc were determined by cell-based inhibition studies 
using ^2^1-human rTNF-a and U937 cells expressing sur- 
face pSO and p60 TNFR. Results of these experiments are 
shown in Figure 2A. To generate a robust criterion of the 
relative activity of the sTNFR:Fc, we have analyzed the 
binding inhibition data with a simple one-site model to 
yield a single Ki, which reflects that concentration of in- 
hibitor which mediates 50% inhibition of binding of TNF 
to cell-surface receptors. As predicted from (1) the multi- 
valent interactions that occur between TNF ligands and 
receptors and (2) previous studies (29), the sTNFR:Fc 
(J^i = 1 X 10*® M"') shows -50-fold higher affinity for 
the ligand than does the sTNFR monomer (/Tj = 2 X 10^ 
M"^). Thus, one might suspect that the sTNFRtFc molecule 
would be a better antagonist of TNF biologic activity in 
comparison to the monomeric sTNFR in vitro and in vivo. 
To address the biologic efficacy of monomeric (sTNFR) 
and dimeric (sTNFR:Fc) forms of the soluble p80 TNFR, 
both molecules were analyzed for their ability to neutralize 
TNF activity in vitro in the L929 bioassay (Fig. Mo- 
nomeric sTNFR and dimeric sTNFR:Fc inhibited the ac- 
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FIGURE 2. Comparison of TNF 
binding and neutralizing capability of 
sTNFR and sTNFRrFc. A, U937 cells 
(2 X 1 0*^) were incubated at 4*»C for 4 
h with 0.5 nM '^^l-human rTNF-a in 
binding medium and varying con- 
centrations of inhibitor (sTNFRrFc, 
sTNFR monomer or unlabeled hu- 
man rTNF-a) in a total volume of 1 50 
\xl Duplicate 70-pl aliquots of the 
suspension were subsequently re- 
moved and microfuged through a 
phthalate oil mixture to separate free 
' and "bdundiigand. -Radioactivity was 
measured in a gamma counter and 
the data were analyzed according to 
a simple competitive inhibition mod- 
el. B, a constant amount of murine 
rTNF-a (125 pg/ml) or natural TNF 
(derived from LPS-stlmulaled RAW 
cells, 1/200 dilution) was added to 
each well of an L929 cytolysis assay 
in the presence of varying amounts of 
inhibitors (sTNFR, sTNFR:Fc or hu- 
man IgC). Details of the L929 cytol- 
ysis assay are provided in Materials 
and Methods. The OD of L929 cells 
in the absence of TNF is indicated by 
the upper solid line (mean OD ap- 
proximately 0.45) and maximal lysis 
of L929 cells is indicated by the lower 
solid line (mean OD approximately 
0.075). 
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tivity of mouse TNF (recombinant or natural) in a dose- 
dependent fashion; however, sTNFR:Fc was approximately 
1000-fold more effacient than sTNFR. Identical results 
were obtained when human rTNF-a was utilized as the 
ligand (data not shown). Human IgG, used as a control 
protein, had no effect on TNF activity. 

Ability of sTNFR to prevent mortality induced by LPS 

We have also compared the biologic efficacy of sTNFR and 
sTNFR:Fc in vivo in a murine model of LPS-induced septic 
shock. Various doses of sTNFR:Fc or control protein (hu- 
man IgG) were mixed with a lethal dose of £. coli LPS (400 
^utg/mouse) and injected i.v, into 1 8- to 20-g B ALB/c female 
mice. Survival was monitored for 5 days and the results are 
presented in Figure 3. Treatment of mice with LPS only or 
LPS and any dose of human IgG resulted in 0 to 10% long 



term survival. In contrast, 90% of mice treated with LPS 
plus 100 /ig (1.95 nmol) of sTNFRiFc survived. Beneficial 
effects of the sTNFR:Fc protein were also evident with 
doses as low as 10 jutg (0.2 nmol)/mouse. In similar studies 
we have been unable to demonstrate an effect of recom- 
binant monomeric sTNFR on survival even when doses as 
high as 260 /xg (10.35 nmol) were administered (Fig. 4). 
However, based on the in vitro neuu-alizing capacity of the 
monomeric vs dimeric sTNFR (Fig. 2) and the dose of 
sTNFR:Fc required to effect survival in vivo (Fig. 3). mo- 
nomeric sTNFR would be predicted to demonstrate effi- 
cacy at much higher doses (10 mg/mouse). 

The ability of the sTNFRrFc protein to provide protec- 
tion when given at various times after LPS administration 
was also tested. Mice received a lethal dose of LPS (i.v.) 
followed 2, 3. or 4 h later by sTNFR:Fc (100 fig/mouse). 
Two to three separate experiments were conducted for each 
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FIGURE 3, Administration of sTNFR:Fc 
prevents mortality of BALB/c mice in- 
jected with a lethal dose of LPS. Various 
doses of sTNFR:Fc or human IgC, as a 
-controlrwereTnfxed^ith^ lethai dose of 
LPS (400 ^jg) and injected i.v. into BALB/c 
mice. Survival was monitored at least 
once a day for 5 days. In each of three 
separate experiments, mice treated with 
sTNFR:Fc at doses of 1 0 pg or above dem- 
onstrated enhanced survival. 
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FIGURE 4. Administration of sTNFR 
does not affect mortality of BALB/c 
mice Injected with a lethal dose of LPS. 
The procedure was identical to that de- 
scribed in the legend to Figure 3. Note: 
the response of mice treated with hu- 
man IgG plus LPS overlaps the re- 
sponse of mice treated with sTNFR 
(260 pg) plus LPS. 



time point All experiments provided similar results and 
therefore the results were pooled (Fig. 5), The results dem- 
onstrate that the administration of sTNFR:Fc was clearly 
beneficial even when administered up to 3 h after the in- 
jection of LPS. In the same experiment, the progression of 
serum TNF activity after LPS injection was determined in 
a subset of mice that received LPS only (Fig. 6). These 
experiments and previous reports (34-36) demonstrate that 
most of the serum TNF activity was produced during the 
first 2 h after LPS administration. These results demonstrate 
that the sTNFR:Fc protein was efficacious even when ad- 
ministered after serum TNF levels had peaked and receded. 
Thus, the efficacy of the sTNFRrFc molecule must not be 
due solely to neutralization of serum TNF bioaclivity. 



Effect of sTNFR and sTNFR:Fc on serum TNF levels 
in vivo 

To study the mechanism by which sTNFR:Fc protected 
mice from an otherwise lethal dose of LPS, the effect of the 
two forms of soluble TNFR on TNF activity present in the 
serum was examined. Mice were injected with LPS alone 
(400 fig) or LPS mixed with 100 img of sTNFR, sTNFR:Fc, 
or control protein, human IgG. Serum samples were ob- 
tained 2 h after injection and assayed for TNF bioactivity 
(Fig. 7). Mice injected with LPS alone or LPS mixed with 
human IgG exhibited equivalent amounts of serum TNF 
activity (approximately 1 ng/ml) 2 h after LPS injection. In 
contrast, mice treated with LPS plus 100 /ig of sTNFRrFc 
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FIGURE 5. Administration of sTNFR-.Fc 
prevents mortality of BALB/c mice even 
when injected 3 h after a lethal dose of 
LPS. At 2, 3, or 4 h after i.v. injection of a 
lethal dose of LPS (400 pg), 100 ^g of 
sTNFR:Fc or human IgC, as a control, 
were injected i.v. Survival was monitored 
at least once a day for 5 days. The results 
represent a compilation of two to three 
separate experiments. 
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(which protects mice from the lethal effects of LPS injec- 
tion. (Fig. 3)) had little or no serum TNF activity as assessed 
in the L929 assay. Somewhat surprisingly, mice treated 
with an equivalent dose of monomeric sTNFR (which was 
not efficacious in survival studies) exhibited serum TNF 
levels 10-fold higher (10 ng/ml) than control mice treated 
with LPS only or LPS plus human IgG. 

Figure 8 depicts results of an experiment in which the 
relationship between the dose of sTNFR:Fc and scrum TNF 
activity was examined. Sera obtained from mice injected 
with LPS alone or LPS plus 1 to 100 fig of human IgG 
contained detectable TNF activity that titrated in a pre- 
dictable fashion. Sera obtained from mice 2 h after treat- 
ment with 100 or 30 M-g of sTNFR:Fc and LPS contained 
little if any demonstrable TNF activity. Mice injected with 
10, 3. or 1 fig of sTNFR:Fc and LPS exhibited serum TNF 
activity but the sera displayed unusual characteristics. 
These serum samples demonstrated intermediate levels of 



TNF activity, which failed to decrease even when diluted 
to 1/160 (Fig. 8) (data not shown). Because these results 
were obtained only when mice received LPS and low doses 
of the sTNFR:Fc, we examined the influence of the 
sTNFR:Fc on TNF activity in these samples. 

Ability of sTNFRrFc molecules to act as carriers of 
TNF 

Experiments were conducted to determine the effect of 
blocking the TNF-binding ability of sTNFR:Fc molecules 
in vitro in the L929 cytolysis assay. To this end, we utilized 
a mAb (Ml) that binds to the sTNFR:Fc molecule and 
blocks the ability of the soluble human TNFR:Fc protein to 
bind TNF. Another rat mAb (M3) that binds the sTNFR:Fc 
molecule but does not block TNF binding was used as a 
control. To examine the ability of Ml to block TNF binding 
to sTNFR:Fc proteins, constant amounts of sTNFRiFc (200 
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FIGURE 6. Serum TNF levels are elevated for 2 h after 
lethal LPS injection. Mice were injected with a lethal dose of 
LPS (400 |jg) and serum was obtained at 1 , 2, 3, or 4 h. TNF 
activity was assessed by the L929 cytolysis assay as described 
In Materials and Methods, 



ng/ml) and murine rTNFa (125 pg/ml) were added to di- 
lutions of Ml, M3, or rat IgG (Fig. 9). The ability of the 
sTNFRrFc protein to neutralize the activity of TNF was 
reversed only in the presence of Ml. In addition, full neu- 
tralization of the sTNFR:Fc protein {200 ng/ral) required a 
1 0-fold excess (2 ixgfm\) of Ml. 

The effect of addition of M 1 to serum obtained from mice 
2 h after injection of LPS (400 ^xg) mixed with 10 or 100 
^g of sTNFRrFc was examined. As previously described 
(Fig. 8), the serum obtained from mice treated with 10 ^g 
of sTNFR:Fc demonstrated intermediate levels of activity 
that were not altered by dilution (Fig. 10). Addition of Ml 
(2 fig/ml) to dilutions of the serum revealed the presence 
of additional TNF activity, which titrated in a predictable 
fashion. As expected, addition of control antibody (i.e., M3 
or rat IgG) had no effect on the TNF activity. Furthermore, 
addition of Ml, M3, or rat IgG had no effect on senim 
samples that did not contain the soluble human TNFRrFc 
protein (i.e., sera obtained from mice injected with LPS and 
human IgG), demonstrating that the antibody did not affect 
the ability of mouse TNF to bind to the indicator L929 cells 
(Fig. 10). We have also examined serum samples from mice 
treated with a higher dose of sTNFRrFc ( 1 00 ftg) and LPS. 
In the absence of manipulation these samples did not dem- 
onstrate TNF activity in vitro. However, TNF activity was 
revealed when serum from these mice was treated with Ml 
but not with M3 or rat IgG (Fig. 10). In fact, maximal 
activity in the L929 assay of the sera from mice injected 
with sTNFRrFc (100 /ig) and LPS was still apparent at 
serum dilutions of 1/100, whereas sera obtained from mice 
treated with LPS only or LPS plus human IgG demonstrated 
only small amounts of TNF activity at a dilution of 1/16 
(Fig. 10). 



To determine whether or not sTNFRrFc could prolong 
the presence of serum TNF, mice were injected with LPS 
and 10 or 100 ^g of sTNFRrFc or human IgG, as described 
above, and serum samples were obtained at 4 h. The serum 
samples were assayed in the L929 bioassay in the presence 
and absence of MI, M3, or rat IgG (Fig. 11). As expected, 
sera obtained from mice injected 4 h previously with LPS 
alone or LPS plus human IgG did not contain serum TNF 
activity. However, sera obtained from mice injected with 
LPS plus sTNFRrFc (10 or 100 fig) still contained bio- 
logically active TNF, which titrated in a predictable fashion 
in the presence of Ml mAb. Thus, mice injected with LPS 
and the soluble human TNFRrFc protein, even at thera- 
peutic doses, retained increased levels of TNF in the serum 
that persisted for longer periods of time. However, depend- 
ing upon the dose of sTNFRrFc administered, the TNF ac- 
tivity was either ( 1 ) enhanced or (2) revealed only upon the 
addition of a mAb which blocked the binding of TNF to the 
sTNFRrFc protein. These observations indicate that the 
binding of the sTNFRrFc protein to TNF is reversible and 
that the inhibition of TNF activity reflects a balance be- 
tween the presence of sTNFRrFc, TNF, and endogenous 
TNFR (either cell surface or soluble). 

The carrier function of sTNFRrFc molecules is not 
detrimental to the host 

As the administration of sTNFRrFc under some circum- 
stances produced increased levels of serum TNF (Fig. 8) 
that persisted for at least 4 h (Fig. 1 1), it was important to 
determine whether or not the administration of sTNFRrFc 
molecules under these circumstances would lead to detri- 
mental consequences. Mice were injected with a dose of 
LPS (300 /Ig) which produced intermediate levels of mor- 
tality (60 to 70%), such that beneficial or deleterious effects 
of the TNFR could be observed. Mice treated with 
sTNFRrFc at doses ranging from 10 ng to 10 pig demon- 
strated equivalent or slightly better survival when com- 
pared with mice treated with LPS alone or LPS and human 
IgG (Fig. 12). Further experiments in which lower doses of 
sTNFRrFc (1(X) pg to 1 /xg) were utilized yielded similar 
results (data not shown). Thus, administration of sTNFRrFc 
in sublethal models of LPS toxicity had no detrimental con- 
sequences on the survival incidence. 



Discussion 

The data presented in this report demonstrate that a fusion 
molecule consisting of a soluble form of the extracellular 
portion of the p80 cell surface TNFR fiised to the Fc portion 
of human IgGl (sTNFRrFc) is an effective antagonist of 
LPS-induced septic shock. An increased incidence of sur- 
vival in mice given an otherwise lethal dose of LPS was 
observed when the sTNFRrFc protein was injected 0 to 3 
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FIGURE 7. The effect of sTNFR vs sTN- 
FR:Fc on serum TNF levels after co-admin- 
istration of LPS in vivo. LPS (400 pg) was 
mixed with 100 pgof sTNFR, sTNFRiFc, or 
human IgC and administered i.v. to 
BALB/c mice. Serum samples were ob- 
tained 2 h after Injection and analyzed for 
TNF activity in the L929 cytolysis assay. 
The results were obtained from three to 
four separate experiments for each treat- 
ment group. The sensitivity of the TNF bio- 
"assay is approximately 50 pg/ml and is in- 
dicated by the solid line. 
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h after LPS administration (Figs. 3 and 5). When admin- 
istered simultaneously with LPS, doses of sTNFR;Fc as 
low as 10 ^ig (0.2 nmol)/mouse were beneficial (Fig. 3). In 
contrast, administration of up to 260 fig (10.35 nmol) of the 
monomeric sTNFR failed to affect the incidence of mor- 
tality induced by LPS, even when the incidence of mortality 
in the control group was only 50% (Fig. 4). This difference 



FIGURE 8. Analysis of TNF bioactivity 
in serum samples obtained 2 h after in vivo 
co-injection of LPS and sTNFR:Fc. A lethal 
dose of LPS (400 pg) was mixed with vary- 
ing doses of sTNFR:Fc or human IgG and 
injected i.v. into BALB/c mice. Serum was 
obtained from three mice in each group 2 
h after injection. The serum for each group 
was pooled and analyzed for TNF activity 
in the L929 assay. 



in efficacy between sTNFR:Fc and sTNFR in vivo may be 
explained in large part by the higher affinity of TNF for 
sTNFR:Fc than sTNFR, which results in a substantially 
greater ability of sTNFR:Fc to neutralize the biologic ef- 
fects of TNF (Fig. 2). Furthermore, linkage of the sTNFR 
to the Fc region of Ig imparts a fivefold longer serum to 
the sTNFRrFc molecule after i.v. injection (37), a property 
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FIGURE 9. Inhibition of the TNF neutral- 
izing capacity of the human p80 sTNFR:Fc 
molecule by Ml but not M3 mAb. Dilu- 
tions of Ml , M3, or rat IgC were added to 
constant amounts of sTNFR:Fc and murine 
rTNF-o in the L929 assay as described in 
Materials and Methods, 
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FIGURE 10, Demonstration of serum TNF activity in vitro in the L929 assay in the presence of Ml mAb. Serum was obtained 
from mice 2'h after injection of LPS (400 pg) mixed with sTNFR:Fc or human IgC. The serum samples were serially diluted and 
assayed In the L929 cytolysis assay either alone or In the presence of constant amounts (2 pg/ml) of Ml , M3, or rat IgC. 



that could also influence its efficacy in vivo. 

The ability of sTNFR to alter the magnitude and time 
course of serum TNF after co-administration with LPS in 
vivo was examined. Sera from mice that received high, 
life-saving doses of sTNFR:Fc (e.g., 100 ^g) failed to ex- 
hibit significant levels of TNF bioactivity when assayed 
directly in the L929 cytolysis assay. However, further ex- 
perimentation demonstrated that TNF was present in the 
serum but it was biologically inactive because of the con- 



comitant presence of sTNFR:Fc. TNF activity in these sam- 
ples was revealed in the presence of a mAb which blocked 
the ability of the human sTNFR:Fc molecules to bind TNF 
but did not interfere with the ability of TNF to bind to the 
murine TNFR on the surface of the L929 indicator cells 
(Figs. 9 to 11). These results suggest that the sTNFR:Fc 
protein has a relatively high exchange rate for TNF, such 
that once TNF is released in vitro, it can be detected if the 
TNF is inhibited from subsequently binding to free 
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FIGURE 11. Prolongation of serum TNF in vivo by sTNFR:Fc. The protocol was identical to that described in the legend to 
Figure 10 except that the serum samples were obtained 4 h after LPS injection. 



sTNFR:Fc molecules. If TNF is also released from the 
sTNFR:Fc molecule in vivo, the sTNFR:Fc molecules may 
function by dissipating the peak in serum TNF levels nor- 
mally associated with bolus LPS injection. 

Soluble TNFRrFc molecules also function as carriers of 
TNF in that they alter the rate at which TNF disappears 
from the serum of LPS-treated mice. Control mice injected 
with LPS alone or LPS and human IgG had elevated serum 
TNF levels only during the first 2 h after injection (Figs. 
6, 10, 1 1). However, mice treated with LPS and sTNFR:Fc 
retained TNF in their serum for at least 4 h (Fig. 11). In 
support of these data, we have demonstrated that the ti/2P 
of labeled TNF is increased approximately fourfold in vivo 
when injected concomitantly with sTNFR:Fc (D. Lynch 
and K. M. Mohler, unpublished observations). These results 
suggest that the sTNFRrFc protein functions as an effective 
antagonist of LPS induced mortality by acting as a biologic 
buffer for TNF activity. 

When mice were exposed to lethal doses of LPS and low 
doses of sTNFR, which failed to affect mortality incidence, 
serum TNF levels as detected in the L929 bioassay were 
elevated in comparison to control mice receiving LPS alone 
or LPS plus IgG (Figs. 7 and 8). However, despite the fact 
that low doses of sTNFR increased serum TNF activity, no 
agonistic activity in terms of mortality could be demon- 
strated when low doses of sTNFR were administered in 



conjunction with an LD^o dose of LPS (Fig. 12) (data not 
shown). These data indicate that the agonistic effects on 
serum TNF activity obtained in vivo in the presence of 
sTNFR were distinct from the effects of sTNFR on LPS- 
induced mortality. Alternatively, the sTNFR may function 
as an agonist only with lethal doses of LPS. If the latter 
hypothesis is correct, then lower (nonlethal) doses of LPS 
may induce sufficient quantities of endogenous soluble 
TNFR so that the administration of exogenous sTNFR:Fc 
molecules would have relatively minor additional biologic 
impact. 

Several types of TNFRyantibody-based fusion proteins 
have been described and tested for efficacy in murine LPS- 
induced mortality models (38, 39). These TNF antagonists 
include the molecule employed in the present study, com- 
posed of the extracellular portion of the p80 cell-surface 
receptor linked to the Fc region of human IgGl, as well as 
molecules consisting of fusions between the extracellular 
portion of the p60 TNFR combined with the Fc region of 
either human IgGl (38) or human IgG3 (39). The dose of 
p60 sTNFR:Fc (4 to 20 |tg) (38, 39) and the dose of p80 
sTNra:Fc (10 to 100 ^ig) (Fig. 3) required to demonstrate 
efficacy are siniilar. However, efficacy of the different con- 
structs was influenced substantially by the timing of ad- 
ministration relative to lethal LPS injection. The p80 
sTNFR:Fc (human IgGl) construct was efficacious when 
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FIGURE 12. Administration of low 
doses of 5TNFR:Fc is not detrimental to 
the host. BALB/c mice received an 
~LDf;o'"dose"bf LPS1300 pg) premixed" 
with low doses of sTNFR:Fc or human 
IgC. Survival was monitored at least 
once a day for 5 days. 
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administered as late as 3 h after LPS administration (Fig, 
5). However, a sTNFT^rFc fusion protein consisting of the 
p60 sTNFR coupled to human IgGl was effective only if 
administered within 1 h after lethal LPS injection (38). In 
contrast, preliminary reports utilizing the p60 sTNFR cou- 
pled with human IgG3 indicated that partial benefits were 
obtained as late as 3 h after LPS injection (39). Thus, sig- 
nificant differences exist between the published abilities of 
different sTNFR:Fc fusion proteins to function after LPS 
administration, and these differences do not appear to cor- 
relate with either the particular sTNFR (i.e., p60 or p80) or 
with the subclass of human IgG utilized for the fusion pro- 
tein. 

The relationship between serum TNF activity and effi- 
cacy of the sTNFRrFc molecule had not been established 
before the present study. Given the ability of sTNFR:Fc to 
function effectively when administered as late as 3 h after 
LPS injection (Fig. 5), it was somewhat surprising to ob- 
serve that the vast majority of detectable serum TNF ac- 
tivity had already passed by 3 h (Fig. 6). A number of 
hypotheses, which are not necessarily mutually exclusive, 
may explain these results. First, the length of time that TNF 
must be bound to its cell surface receptor prior to the in- 
duction of an irreversible biological effect such as cell lysis 
is unknown. However, studies by Engelberts et al. (40) sug- 
gest that TNF must be present for extended periods of time 
to achieve maximal biologic activity in vitro. Thus, 
sTNFR:Fc may be able to compete for TNF which has 



already bound to the cell surface and, in effect, dislodge it 
before the interaction has occurred for a time sufficient to 
result in complete biologic signaling. In this regard, the rate 
of dissociation of radiolabeled TNF from its cell surface 
receptor in vitro is increased in the presence of either un- 
labeled TNF (41) or the dimeric sTNFR:Fc (C. Smith, un- 
published results). Second, LPS-induced mortality may re- 
sult from the cumulative effect of TNF. Thus, inhibition of 
the small amount of TNF present late in the time course 
might be sufficient to prevent mortality. Third, the thera- 
peutic potential of the sTNFR:Fc molecule may not be re- 
lated solely to the removal of serum TNF activity. The 
sTNFR:Fc molecule could function by inhibiting TNF ac- 
tivity in extravascular sites. Finally, LPS-induced toxicity 
may be mediated at least in part by TNF expressed on the 
cell surface, which may be masked in the presence of 
sTNFR:Fc. Regardless of the mechanism of efficacy of the 
sTNFR:Fc molecule, there is a relatively small window of 
lime. 3 to 4 h after LPS injection, during which serum TNF 
levels are low and administration of the sTNFR:Fc mole- 
cule is still efficacious. These results also suggest that se- 
rum TNF levels may not always be a good prognostic in- 
dicator for the clinical efficacy of the sTNFR:Fc molecule. 

Soluble TNF-binding proteins have been recovered from 
the urine of normal humans (42, 43) and appear at elevated 
levels in the serum of cancer patients (44, 45) and in re- 
sponse to endotoxin challenge (46). The biologic role of 
these TNF-binding proteins is currently under investiga- 
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tion. Previous investigators have demonstrated that TNF 
spontaneously loses activity in vitro and, under some cir- 
cumstances, soluble p60 and p80 TNFR can prevent its 
spontaneous degradation, thereby enhancing the biological 
longevity of TNF (47). Our experiments demonstrated that 
a sTNFR monomer can function as an agonist of serum 
TNF activity in vivo and a sTNFR:Fc molecule could act 
either as an agonist or antagonist of serum TNF levels in 
a dose dependent fashion. Thus, the biologic effect of the 
soluble TNF-binding proteins isolated from humans will 
probably vary depending upon the relative concentration of 
TNF and sTNFR. This concept is supported by recent data 
of Girardin et al7 (48)7^e concentra- 
tions of both TNF and soluble TNFR in the serum of septic 
patients. In that study, higher ratios of soluble TNFR to TNF 
correlated with increased probability of survival. 

These experiments indicate that the sTNFR:Fc molecule 
is an effective antagonist of LPS-induced septic shock and 
are in agreement with a number of studies that have shown 
the beneficial effects of antagonizing TNF activity in sepsis 
with either antibody (1-3) or soluble receptors (38, 39). In 
aggregate these results indicate that TNF plays a central 
role in mediating the lethality associated with sepsis. How- 
ever, several lines of evidence suggest that the role of cy- 
tokines in sepsis is not yet fully understood. First, antag- 
onism of several cytokines other than TNF (e.g., IFN-7 and 
IL-1) can also lead to beneficial results (49, 50). Second, 
anti-TNF antibodies have been reported to have variable 
therapeutic potential in models of endotoxemia, cecal li- 
gation and puncture and bacterial sepsis (51-53). Further 
experimentation will be required to determine whether or 
not the sTNFR:Fc molecule also displays the same spec- 
trum of efficacy. However, the results presented here sug- 
gest that the sTNFR:Fc molecule may be a useful thera- 
peutic agent for sepsis and other inflammatory diseases. 
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Soluble Tumor Necrosis Factor (TNF) Receptors 
Are Effective Therapeutic Agents in Lethal 
Endotoxemia and Function Simultaneously as 
Both TNF Carriers and TNF Antagonists 
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Abstract. Two forms (mononneric or dimeric) of the extracellular, ligand-binding portion of the human p80 cell- 
surface receptor for TNF were used to antagonize TNF activity in vitro and in vivo. The dimeric sTNFR:Fc molecule 
was a more potent inhibitor of TNF than the monomeric sTNFR (50 to lOOOx), as assessed in vitro by inhibition 
of TNF binding or bioactivity and in vivo by protection of mice from an otherwise lethal injection of LPS. Surprisingly, 
the dimeric sTNFR:Fc construct demonstrated a beneficial effect even when administered 3 h after a lethal LPS 
injection (i.e., after serum TNF levels had peaked and receded). To study the mechanism by which the soluble TNFR 
functions in vivo, serum TNF levels were examined in mice given LPS in the presence or absence of soluble receptor. 
Administration of a mortality-reducing dose of sTNFR:Fc ablated the rise in serum TNF bioactivity that normally 
occurs in response to LPS. However, TNF bioactivity was revealed in these "TNF-negative" serum samples when 
the L929 bloassay was modified by inclusion of a mAb that blocks the binding of murine TNF to the human soluble 
TNFReceptor. These results indicate that the absence of direct cytolytic activity in the L929 assay was caused by 
neutralization of TNF, rather than to an absence of TNF in the serum. Moreover, administration of either monomeric 
sTNFR or low doses of dimeric sTNFR:Fc actually resulted in increased serum TNF levels compared to mice given 
LPS but no soluble receptor. However, these "agonistic" doses of soluble receptor did not lead to increased mortality 
when an LDeo dose of LPS was given. Thus, dimeric sTNFR are effective inhibitors of TNF and under some cir- 
cumstances function simultaneously as both TNF "carriers" and antagonists of TNF biologic activity. Journal of 
Immunology, 1993, 151: 1548. 



TNF is a polypeptide hormone released by activated 
macrophages and T cells, which mediates a wide 
range of biologic functions. In addition to its po- 
tential role as a regulator of the normal immune response, 
TNF is also thought to play a major role in systemic toxicity 
associated with sepsis (1-6). TNF may also be involved in 
the pathogenesis of AIDS (7-9) as well as a number of 
autoinmiune and inflanmiatory diseases (10-13). A mole- 
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cule that specifically inhibits the biologic activities of TNF 
may thus have considerable therapeutic utility. 

Soluble, extracellular, ligand-binding portions of cyto- 
kine receptors occur naturally in body fluids and are be- 
lieved to regulate the biologic activities of cytokines (14- 
17). The importance of these molecules as cytokine regu- 
lators is underscored by the fact that several pox viruses 
encode proteins with structural and functional homology to 
the extracellular portions of the receptors for TNF and IL- 1 
(18-20). Considerable controversy exists concerning the 
type of regulatory role naturally occurring soluble cytokine 
receptors might perform. Although it is likely that such 
molecules will function as cytokine carriers in an opera- 
tional sense by altering the biodistnbution of the cytokine 
to which they bind, it is not clear whether such an inter- 
action would serve to agonize or antagonize the biologic 
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effects of the cytokine (21, 22), However, experiments in 
which recombinant soluble receptors have been adminis- 
tered in vivo demonstrate their potential to inhibit immune 
and inflanmiatory responses, presumably by acting as an- 
tagonists of cytokine activity (23, 24). 

There are two distinct cell-surface receptors for TNF: the 
80 kDa (p80) and the 60 kDa (p60) receptors, both of which 
bind TNF-a and TNF-p (25, 26), Given the predominantly 
trimeric nature of TNF (25) and the apparent requirement 
for cross-linking of cell-surface TNFR for signal transduc- 
tion (27), it is likely that dimeric soluble receptor constructs 
should possess a higher affinity for TNF (28) and therefore 
function as considerably more potent competitive inhibitors 
than monomeric sTNFR,^ This prediction has been verified 
by the results of recent experiments demonstrating superior 
TNF inhibitory activity of dimeric Fc fusion constructs of 
p60 in vitro (29). Although soluble forms of both mono- 
meric and dimeric p60 TNFR have been shown to be ben- 
eficial in animal models of sepsis, no direct comparison of 
the in vivo potency of monomeric vs dimeric receptors in 
sepsis has been reported. In addition, little information is 
available concerning the mode of action of such inhibitors 
in vivo. 

Monomeric and dimeric (Fc fusion protein) forms of the 
p80 TNFR were constructed and compared in vitro and in 
vivo for effects on TNF biologic activity. The results in- 
dicate that the sTNFR:Fc, but not the sTNFR, was effective 
in reducing mortality associated with LPS administration, 
at least over the concentration range tested. In addition, the 
sTNFR:Fc molecule can function simultaneously as both a 
TNF "carrier" and an antagonist of TNF biologic activity 
and thus inhibit the lethal effects of LPS by acting as a 
biologic buffer for TNF. 

Materials and Methods 

Mice 

BALB/c female mice 8 to 10 wk old were purchased from 
Charles River (Wilmington, MA) and were maintained 
within a specific pathogen-free environment. 

Construction and production of p80 sTNFR and 
sTNFR:Fc 

Recombmant sTNFR was expressed in a CHO cell line 
using the glutamine synthetase selectable and amplifiable 
marker. For production, cells cultured to confluence in 
roller bottles were washed with PBS and then cultured in 
serum-finee medium. Purification of the sTNFR from the 
CHO supernatant was accomplished in a single affinity 



2 Abbreviations used in this paper: sTNFR, soluble monomeric human p80 
TNFR; sTNFR:Fc, recombinant fusion protein composed of soluble dimeric 
human p80 TNFR linked to the Fc region of human IgGI: CHO, Chinese 
hamster ovary. 



chromatography step using a mAb, Ml, specific for 
sTNFR. 

Recombinant sTNFR:Fc was expressed in CHO cells us- 
ing the dihydrofolate reductase selectable and amplifiable 
marker. Suspension cells were centrifiiged and resuspended 
into serum-free medium in a controlled bioreactor. The 
product was collected after 7 days. The sTNFR:Fc molecule 
was purified using protein A affinity chromatography fol- 
lowed by an ion-exchange step. 

Concentrations of the purified sTNFR and sTNFR:Fc 
were determined by amino acid analysis. Endotoxin levels 
were determined to be <5.6 ng endotoxin/mg sTNFR or 
sTNFR:Fc using the Kinetic-QCL assay (Whittaker Bio- 
products, Walkersville, MD) for detection of Gram- 
negative bacterial endotoxin. Physical characterization 
included SDS-PAGE, N-terminal sequencing, and immun- 
oreactivity analyses (K. E. Stramler and H. Madani, un- 
published observations). A diagrammatic representation of 
p80 sTNFR and sTNFRrFc is shown in Figure 1. 

Antibodies to soluble TNFR 

The generation of mAb to the human p80 sTNFR has been 
described previously (30). Ml mAb (rat IgG 2b) and M3 
(rat IgG) mAb both bind to the human p80 sTNFR but not 
to mouse TNFR. 

Binding inhibition assay 

Human rTNF-a was expressed in yeast as a protein com- 
posed of the entire coding region of mature TNF fiised to 
an octapeptide at the N terminus, useful in affinity purifi- 
cation. Purified TNF was radioiodinated as described (18) 
to a sp. act. of 2 X 10^^ cpm/nmiol, without loss of biologic 
activity (measured in an L929 cytolysis assay) or receptor- 
binding activity (see below). 

Inhibition assays were carried out as described (31). 
Briefly, ['^^I]TNF.a (0.5 nM) was incubated in binding 
medium (RPMI 1640. 2.5% BSA. 50 mM HEPES buffer, 
pH 7.4, 0.4% NaNa) for 2 h at 4°C with serially diluted 
inhibitors (human sTNFR:Fc, sTNFR monomer, or unla- 
beled human rTNF-a) and 2 X 10* U937 cells. Duplicate 
aliquots were subsequently removed, centrifuged through 
a phthalate oil mixture to separate free and bound ligand, 
and the radioactivity was measured on a ganmia counter. 
Nonspecific binding values were determined by inclusion 
of a 200X molar excess of unlabeled TNF and were sub- 
tracted from total binding data to yield specific binding 
values. Data were plotted and results analyzed as described 
(31). 

L929 bioassay for TNF activity 

The protocol used to measure the presence of TNF cytolytic 
activity using L929 cells as targets has been described pre- 
viously (32, 33). Briefly, 10 fxl of mouse serum, mouse 
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FIGURE 1. Construction of monomeric 
sTNFR and dimeric sTNFR:Fc molecules. 
Extracellular portions of the huntan p80 
TNFR cDNA were cloned and produced as 
described in Materials and Methods, In the 
dimeric sTNFR:Fc molecule three disulfide 
bonds are depicted. However, the disulfide 
bond closest to the N terminus is normally 
used for binding to the Ig L chain and thus, 
its state (i.e., free cysteine or disulfide bond) 
In the sTNFRiFc fusion product is not 
known. 




rTNF-a (Genzyme, Boston, MA), or supernatant from 
LPS-stimulated RAW 264.7 cells (American Type Culture 
Collection, Rockville, MD) was serially diluted (50%:50%, 
v/v) in flat bottom, 96- well microliter plates. L929 medium 
(RPMI 1640 with 10% FCS, 2 mM L-glutamine, 50 U/ml 
penicillin, and 50 fig/ml streptomycin) was added to each 
well, followed by soluble receptors, control proteins, or 
mAb in a total volume of 30 ptl. Ten microliters of acti- 
nomycin D was then added (final concentration of 0.1 fig/ 
well; Sigma, St. Louis, MO). Finally, 5 X l(f L929 cells 
were added to each well (final volume/well = 100 /il) and 
the plates were incubated at 37°C in 5% CO2. To prevent 
the influence of edge effects on the TNF bioassay, only the 
inner wells of each plate were utilized. All outer wells re- 
ceived 200 III of L929 medium only. After 16 h of incu- 
bation, the culture medium was removed and replaced with 
200 /xl of 0.5% crystal violet in methanol/water (1/4). The 
plate was washed with distilled water and air dried at am- 
bient temperature. One hundred microliters of 2% deoxy- 
cholic acid (catalog no. D-6750, Sigma) was added to each 
well to solubilize the crystal violet and the plates were an- 
alyzed on an ELISA plate reader at 562 nm. The negative 
control consisted of L929 cells in the presence of 
actinomycin-D. Estimates of serum TNF concentrations 
were obtained by comparing the TNF activity in the ex- 
perimental serum samples with the activity obtained with 
the mouse rTNF-cr standard. 

LPS-induced mortality 

LPS, derived fh)m Escherichia coU 0127:88 (catalog no. 
DF3 132-25, VWR, Seattle, WA). was resuspended at 10 
mg/ml in sterile saline and stored at -20**C in small ali- 
quots. The LPS was diluted to the proper concentration and 
sonicated (CU-6 sonicator; Branson, Shelton, CT) for 1 min 
before injection. BALB/c female mice (18 to 20 g) were 
injected i.v. with an LDgo to LDioo dose of LPS (300 to 400 
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fig) in 0.2 ml of saline. The LPS was injected either alone 
or in conjunction with sTNFR, sTNFRrFc or control pro- 
tein, human IgG (catalog no. 1-4506, Sigma). In some ex- 
periments, mice were injected with LPS i.v. followed at 2, 
3, or 4 h with an i.v. injection of soluble receptor or control 
protein. Survival was monitored for at least 5 days and, in 
some experiments, the mice were observed for a maximum 
of 4 wk. However, no further mortality occurred after the 
initial 5-day observation period. 

Results 

In vitro neutralization of TNF activity by soluble 
TNFR 

The ligand binding characteristics of sTNFR monomer and 
sTNFR:Fc were determined by cell-based inhibition studies 
using ^^I-human rTNF-a and U937 cells expressing sur- 
face p80 and p60 TNFR, Results of these experiments are 
shown in Figure 2/1, To generate a robust criterion of the 
relative activity of the sTNFR:Fc, we have analyzed the 
binding inhibition data with a simple one-site model to 
yield a single K^y which reflects that concentration of in- 
hibitor which mediates 50% inhibition of binding of TNF 
to cell-surface receptors. As predicted from (1) the multi- 
valent interactions that occur between TNF ligands and 
receptors and (2) previous studies (29), the sTNFR:Fc 
(^i = 1 X 10'° M-') shows "-50-fold higher affinity for 
the ligand than does the sTNFR monomer (/Tj = 2 x 10^ 
M"^). Thus, one might suspect that the sTNFRrFc molecule 
would be a better antagonist of TNF biologic activity in 
comparison to the monomeric sTNFR in vitro and in vivo. 
To address the biologic efficacy of monomeric (sTNFR) 
and dimeric (sTNFR:Fc) forms of the soluble p80 TNFR, 
both molecules were analyzed for their ability to neutralize 
TNF activity in vitro in the L929 bioassay (Fig, IB), Mo- 
nomeric sTNFR and dimeric sTNFR:Fc inhibited the ac- 



Journal of Immunology 



1551 



FIGURE 2. Comparison of TNF 
binding and neutralizing capability of 
sTNFR and sTNFRrFc. A, U937 cells 
(2 X 1 0*^) were incubated at 4**C for 4 
h with 0.5 nM ^^^l-human rTNF-a in 
binding medium and varying con- 
centrations of inhibitor (sTNFR:Fc, 
sTNFR monomer or unlabeled hu- 
man rTNF-a) in a total volume of 1 50 
pi. Duplicate 70-pl aliquots of the 
suspension were subsequently re- 
moved and microfuged through a 
phthalate oil mixture to separate free 
and bound ligand. Radioactivity was 
measured in a gamma counter and 
the data were analyzed according to 
a simple competitive inhibition mod- 
el, fl, a constant amount of murine 
rTNF-a (125 pg/ml) or natural TNF 
(derived from LPS-stimulated RAW 
cells, 1/200 dilution) was added to 
each well of an L929 cytolysis assay 
in the presence of varying amounts of 
inhibitors (sTNFR, sTNFR:Fc or hu- 
man IgG). Details of the L929 cytol- 
ysis assay are provided in Materials 
and Methods, The OD of L929 cells 
in the absence of TNF is indicated by 
the upper solid line (mean OD ap- 
proximately 0.45) and maximal lysis 
of L929 cells is indicated by the lower 
solid line (mean OD approximately 
0.075). 
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tivity of mouse TNF (recombinant or natural) in a dose- 
dependent fashion; however, sTNFR:Fc was approximately 
1000-fold more efficient than sTNFR. Identical results 
were obtained when human rTNF-a was utilized as the 
ligand (data not shown). Human IgG, used as a control 
protein, had no effect on TNF activity. 

Ability of sTNFR to prevent mortality induced by LPS 

We have also compared the biologic efficacy of sTNFR and 
sTNFR:Fc in vivo in a murine model of LPS-induced septic 
shock. Various doses of sTNFR:Fc or control protein (hu- 
man IgG) were mixed with a lethal dose of E, colt LPS (400 
M'g/mouse) and injected i.v. into 18- to 20-g BALB/c female 
mice. Survival was monitored for 5 days and the results are 
presented in Figure 3. Treatment of mice with LPS only or 
LPS and any dose of human IgG resulted in 0 to 10% long 



term survival. In contrast, 90% of mice treated with LPS 
plus 100 /Ltg (1 .95 nmol) of sTNFR:Fc survived. Beneficial 
effects of the sTNFR:Fc protein were also evident with 
doses as low as 10 /xg (0.2 nmol)/mouse. In similar studies 
we have been unable to demonstrate an effect of recom- 
binant monomeric sTNFR on survival even when doses as 
high as 260 jutg (10.35 nmol) were administered (Fig. 4). 
However, based on the in vitro neutralizing capacity of the 
monomeric vs dimeric sTNFR (Hg. 2) and the dose of 
sTNFR:Fc required to effect survival in vivo (Fig. 3), mo- 
nomeric sTNFR would be predicted to demonstrate effi- 
cacy at much higher doses (10 mg/mouse). 

The ability of the sTNFRrFc protein to provide protec- 
tion when given at various times after LPS administration 
was also tested. Mice received a lethal dose of LPS (i.v.) 
followed 2, 3, or 4 h later by sTNFR:Fc (1(X) ^g/mouse). 
Two to three separate experiments were conducted for each 
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FIGURE 3. Administration of sTNFR:Fc 
prevents mortality of BALB/c mice in- 
jected with a lethal dose of LPS. Various 
doses of sTNFR:Fc or human IgC, as a 
control, were mixed with a lethal dose of 
LPS (400 pg) and injected i.v. into BALB/c 
mice. Survival was monitored at least 
once a day for 5 days. In each of three 
separate experiments, mice treated with 
sTNFRrFc at doses of 1 0 pg or above dem- 
onstrated enhanced survival. 





inn 








80 -i 




70 J 


1 


60 -i 




VlJ 
au-: 


CO 


40 -j 




30-i 




20^ 




10-j 




0^ 



— I 

I 

i- • 




. . TNFR-5c(100ug) 

— TNFR:Fc(30ug) 
TNFRi^c(lOug) 

.... TNFR:Fc(3ug) 
™ TNFRiFc (1 UQ) 

— LPS only 



0 24 48 72 96 120 
TIME POST LPS INJECTION (HRS) 



100 
90 
80 

^ 70. 
I 60 
g SO- 
OT 40. 
3« 30. 

20. 

10- 
0 



;i 



ft-: 




Human IgG (100 ug) 
Human IgG (30 ug) 
Human IgG (10 ug) 
Human IgG (3 ug) 
Human IgG (1 ug) 
LPS only 



0 24 48 72 96 120 
TIME POST LPS INJECTION (HRS) 



100 



90 
80 
70 
60 
504 



< 
> 

CO 40- 



30-; 

20-j 

10-i 

04ninBii 



1 



sTNFRiFc (80 UG) 
sTMFR (260 UG) 
HUMAN IGG (80 UG) 
NO ANTAGONIST 



24 48 72 96 120 
TIME POST LPS INJECTION (HRS) 



FIGURE 4, Administration of sTNFR 
does not affect mortality of BALB/c 
mice injected with a lethal dose of LPS. 
The procedure was identical to that de- 
scribed in the legend to Figure 3. Nore: 
the response of mice treated with hu- 
man IgC plus LPS overlaps the re- 
sponse of mice treated with sTNFR 
(260 pg) plus LPS. 



time point. All experiments provided similar results and 
therefore the results were pooled (Fig. 5). The results dem- 
onstrate that the administration of sTNFR:Fc was clearly 
beneficial even when administered up to 3 h after the in- 
jection of LPS. In the same experiment, the progression of 
serum TNF activity after LPS injection was determined in 
a subset of mice that received LPS only (Fig. 6), These 
experiments and previous reports (34-36) demonstrate that 
most of the serum TNF activity was produced during the 
first 2 h after LPS administration. These results demonstrate 
that the sTNFR:Fc protein was efficacious even when ad- 
ministered after serum TNF levels had peaked and receded. 
Thus, the efficacy of the sTNFR:Fc molecule must not be 
due solely to neutralization of serum TNF bioactivity. 



Effect of sTNFR and sTNFR:Fc on serum TNF levels 
in vivo 

To study the mechanism by which sTNFR:Fc protected 
mice from an otherwise lethal dose of LPS, the effect of the 
two forms of soluble TNFR on TNF activity present in the 
serum was examined. Mice were injected with LPS alone 
(4(X) ptg) or LPS mixed with 100 ftg of sTNFR, sTNFR:Fc, 
or control protein, human IgG. Serum samples were ob- 
tained 2 h after injection and assayed for TNF bioactivity 
(Fig. 7). Mice injected with LPS alone or LPS mixed with 
human IgG exhibited equivalent amounts of serum TNF 
activity (approximately 1 ng/ml) 2 h after LPS injection. In 
contrast, mice treated with LPS plus 100 /xg of sTNFR:Fc 
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FIGURE 5. Administration of sTNFR-.Fc 
prevents mortality of BALB/c mice even 
when Injected 3 h after a lethal dose of 
LPS. At 2, 3, or 4 h after i.v. injection of a 
lethal dose of LPS (400 pg), 100 (jg of 
sTNFR:Fc or human IgG, as a control, 
were injected i.v. Survival was monitored 
at least once a day for 5 days. The results 
represent a compilation of two to three 
separate experiments. 
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(which protects mice from the lethal effects of LPS injec- 
tion, (Fig. 3)) had little or no serum TNF activity as assessed 
in the L929 assay. Somewhat surprisingly, mice treated 
with an equivalent dose of monomelic sTNFR (which was 
not efficacious in survival studies) exhibited serum TNF 
levels lO-fold higher (10 ng/mi) than control mice treated 
with LPS only or LPS plus human IgG. 

Figure 8 depicts results of an experiment in which the 
relationship between the dose of sTNFR:Fc and serum TNF 
activity was examined. Sera obtained from mice injected 
with LPS alone or LPS plus 1 to 1(X) ^g of human IgG 
contained detectable TNF activity that titrated in a pre- 
dictable fashion. Sera obtained from mice 2 h after treat- 
ment witii 1(K) or 30 ^ig of sTNFR:Fc and LPS contained 
little if any demonstrable TNF activity. Mice injected with 
10, 3, or 1 /Ltg of sTNFR:Fc and LPS exhibited serum TNF 
activity but the sera displayed unusual characteristics. 
These serum samples demonstrated intermediate levels of 



TNF activity, which failed to decrease even when diluted 
to 1/160 (Fig. 8) (data not shown). Because these results 
were obtained only when mice received LPS and low doses 
of the sTNFR:Fc, we examined the influence of the 
sTNFR:Fc on TNF activity in these samples. 

Ability of sTNFR:Fc molecules to act as carriers of 
TNF 

Experiments were conducted to determine the effect of 
blocking the TNF-binding ability of sTNFRrFc molecules 
in vitro in the L929 cytolysis assay. To this end, we utilized 
a mAb (Ml) that binds to the sTNFRrFc molecule and 
blocks the ability of the soluble human TNFRrFc protein to 
bind TNF. Another rat mAb (M3) that binds the sTNFR:Fc 
molecule but does not block TNF binding was used as a 
control. To examine the ability of M 1 to block TNF binding 
to sTNFR:Fc proteins, constant amounts of sTNFR:Fc (200 
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FIGURE 6. Serum TNF levels are elevated for 2 h after 
lethal LPS injection. Mice were injected with a lethal dose of 
LPS (400 |jg) and serum was obtained at 1 , 2, 3, or 4 h. TNF 
activity was assessed by the L929 cytolysis assay as described 
In Materials and Methods. 



ng/ml) and murine rTNFa (125 pg/ml) were added to di- 
lutions of Ml, M3, or rat IgG (Fig. 9). The ability of the 
sTNFR:Fc protein to neutralize the activity of TNF was 
reversed only in the presence of Ml. In addition, full neu- 
tralization of the sTNFR:Fc protein (200 ng/ml) required a 
lO-fold excess (2 fig/ml) of Ml. 

The effect of addition of M 1 to serum obtained fh)m mice 
2 h after injection of LPS (400 ^g) mixed with 10 or 100 
of sTNFR:Fc was examined. As previously described 
(Fig. 8), the serum obtained from mice treated with 10 ^g 
of sTNFR:Fc demonstrated intermediate levels of activity 
diat were not altered by dilution (Fig. 10). Addition of Ml 
(2 ^g/ml) to dilutions of the serum revealed the presence 
of additional TNF activity, which titrated in a predictable 
fashion. As expected, addition of control antibody (i.e., M3 
or rat IgG) had no effect on the TNF activity. Furthermore, 
addition of Ml, M3, or rat IgG had no effect on serum 
samples that did not contain the soluble human TNFR:Fc 
protein (i.e., sera obtained from mice injected with LPS and 
human IgG), demonstrating that the antibody did not affect 
the ability of mouse TNF to bind to the indicator L929 cells 
(Fig. 10). We have also examined serum samples from mice 
treated with a higher dose of sTNFR:Fc ( 1 00 jxg) and LPS. 
In the absence of manipulation these samples did not dem- 
onstrate TNF activity in vitro. However, TNF activity was 
revealed when serum from these mice was treated with Ml 
but not with M3 or rat IgG (Fig. 10). In fact, maximal 
activity in the L929 assay of the sera from mice injected 
with sTNFR:Fc (100 /tg) and LPS was still apparent at 
serum dilutions of 1/1(X), whereas sera obtained from mice 
treated with LPS only or LPS plus human IgG demonstrated 
only small amounts of TNF activity at a dilution of 1/16 
(Fig. 10). 



To determine whether or not sTNFR:Fc could prolong 
the presence of serum TNF. mice were injected with LPS 
and 10 or 100 /utg of sTNFR:Fc or human IgG, as described 
above, and serum samples were obtained at 4 h. The serum 
samples were assayed in the L929 bioassay in the presence 
and absence of Ml, M3, or rat IgG (Fig. 11). As expected, 
sera obtained from mice injected 4 h previously with LPS 
alone or LPS plus human IgG did not contain senmi TNF 
activity. However, sera obtained fix)m mice injected with 
LPS plus sTNFR:Fc (10 or 100 ^g) still contained bio- 
logically active TNF, which titrated in a predictable fashion 
in the presence of Ml mAb. Thus, mice injected with LPS 
and the soluble human TNFRrFc protein, even at thera- 
peutic doses, retained increased levels of TNF in the serum 
that persisted for longer periods of time. However, depend- 
ing upon the dose of sTNFR:Fc administered, the TNF ac- 
tivity was either ( 1 ) enhanced or (2) revealed only upon the 
addition of a mAb which blocked the binding of TNF to the 
sTNFR:Fc protein. These observations indicate that the 
binding of die sTNFR:Fc protein to TNF is reversible and 
that the inhibition of TNF activity reflects a balance be- 
tween the presence of sTNFR:Fc, TNF, and endogenous 
TNFR (either cell surface or soluble). 

The carrier function of sTNFRrFc molecules is not 
detrimental to the host 

As the administration of sTNFR:Fc under some circum- 
stances produced increased levels of serum TNF (Fig. 8) 
that persisted for at least 4 h (Fig. 1 1), it was important to 
determine whether or not the administration of sTNFR:Fc 
molecules under these circumstances would lead to detri- 
mental consequences. Mice were injected with a dose of 
LPS (300 ^g) which produced intermediate levels of mor- 
tality (60 to 70%), such that beneficial or deleterious effects 
of the TNFR could be observed. Mice treated with 
sTNFR:Fc at doses ranging from 10 ng to 10 /ig demon- 
strated equivalent or slightly better survival when com- 
pared with mice treated with LPS alone or LPS and human 
IgG (Fig. 12). Further experiments in which lower doses of 
sTNFRiFc (100 pg to I /ig) were utilized yielded similar 
results (data not shown). Thus, administration of sTNFR:Fc 
in sublethal models of LPS toxicity had no detrimental con- 
sequences on the survival incidence. 



Discussion 

The data presented in this report demonstrate that a fusion 
molecule consisting of a soluble form of the extracellular 
portion of the p80 cell surface TNFR fused to the Fc portion 
of human IgGl (sTNFR:Fc) is an effective antagonist of 
LPS-induced septic shock. An increased incidence of sur- 
vival in mice given an otherwise ledial dose of LPS was 
observed when the sTNFR:Fc protein was injected 0 to 3 
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FIGURE 7. The effect of sTNFR vs sTN- 
FR:Fc on serum TNF levels after co-admin- 
istration of LPS in vivo. LPS (400 pg) was 
mixed with 100 pg of sTNFR, sTNFR:Fc, or 
human IgG and administered i.v. to 
BALB/c mice. Serum samples were ob- 
tained 2 h after injection and analyzed for 
TNF activity in the L929 cytolysis assay. 
The results were obtained from three to 
four separate experiments for each treat- 
ment group. The sensitivity of the TNF bio- 
assay is approximately 50 pg/ml and is in- 
dicated by the solid line. 
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FIGURE 8. Analysis of TNF bioactivity 
In serum samples obtained 2 h after in vivo 
co-injection of LPS and sTNFR:Fc. A lethal 
dose of LPS (400 |jg) was mixed with vary- 
ing doses of sTNFR:Fc or human IgG and 
injected i.v. into BALB/c mice. Serum was 
obtained from three mice in each group 2 
h after injection. The serum for each group 
was pooled and analyzed for TNF activity 
in the L929 assay. 
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h after LPS administration (Figs. 3 and 5). When admin- 
istered simultaneously with LPS, doses of sTNFR:Fc as 
low as 10 ixg (0.2 nmol)/mouse were beneficial (Fig. 3). In 
contrast, administration of up to 260 fig (10.35 nmol) of the 
monomeric sTNFR failed to affect the incidence of mor- 
tality induced by LPS, even when the incidence of mortality 
in the control group was only 50% (Fig. 4). This difference 



in efficacy between sTNFR:Fc and sTNFR in vivo may be 
explained in large part by the higher affinity of TNF for 
sTNFRrFc than sTNFR, which results in a substantially 
greater ability of sTNrarFc to neutralize the biologic ef- 
fects of TNF (Fig. 2). Furthermore, linkage of the sTNFR 
to the Fc region of Ig imparts a fivefold longer serum to 
the sTNFR:Fc molecule after i.v. injection (37), a property 
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FIGURE 9. Inhibition of the TNF neutral- 
izing capacity of the human p80 sTNFR:Fc 
molecule by Ml but not M3 mAb. Dilu- 
tions of Ml, M3, or rat IgG were added to 
constant amounts of sTNFR:Fc and murine 
rTNF-a in the L929 assay as described in 
Materials and Methods. 



s 



a 
o 



< 

m 




• Ml 

□ M3 

■ RATIGG 



.01 .1 1 

AB CONCEKTRATION (UG/ML) 



10 




100 




O SERUMALONE 

• SERUM ♦Ml 

□ SEmJM«M3 

■ SERUM + RATIQO 



100 



o 
o 




100 



1000 




O SERUMMONE 

• SERUM 4M1 

□ SERUM 4^ 

■ SERUM4RATIGO 



1000 



10000 



INVERSE OlLUTiON INVERSE DILUTION 

FIGURE 1 0. Demonstration of serum TNF activity in vitro in the L929 assay In the presence of Ml mAb. Serum was obtained 
from mice 2 h after injection of LPS (400 pg) mixed with sTNFR:Fc or human IgC. The serum samples were serially diluted and 
assayed in the L929 cytolysis assay either alone or in the presence of constant amounts (2 pg/ml) of M1, M3, or rat IgG. 



that could also influence its efficacy in vivo. 

The ability of sTNFR to alter the magnitude and time 
course of serum TNF after co-administration with LPS in 
vivo was examined. Sera from mice that received high, 
life-saving doses of sTNFRrFc (e.g.* 100 ^g) failed to ex- 
hibit significant levels of TNF bioactivity when assayed 
directly in the L929 cytolysis assay. However, further ex- 
perimentation demonstrated that TNF was present in the 
serum but it was biologically inactive because of the con- 



comitant presence of sTNFR:Fc. TNF activity in these sam- 
ples was revealed in the presence of a mAb which blocked 
the ability of the human sTNFR:Fc molecules to bind TNF 
but did not interfere with the ability of TNF to bind to the 
murine TNFR on the surface of the L929 indicator cells 
(Figs. 9 to 11). These results suggest that the sTNFR:Fc 
protein has a relatively high exchange rate for TNF, such 
that once TNF is released in vitro, it can be detected if the 
TNF is inhibited from subsequently binding to free 
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FIGURE 11. Prolongation of serum TNF in vivo by sTNFR:Fc. The protocol was identical to that described in the legend to 
Figure 10 except that the serum samples were obtained 4 h after LPS injection. 



sTNFR:Fc molecules. If TNF is also released from the 
sTNFRrFc molecule in vivo» the sTNFR:Fc molecules may 
function by dissipating the peak in serum TNF levels nor- 
mally associated with bolus LPS injection. 

Soluble TNFR:Fc molecules also function as carriers of 
TNF in that they alter the rate at which TNF disappears 
from the serum of LPS-treated mice. Control mice injected 
with LPS alone or LPS and human IgG had elevated serum 
TNF levels only during the first 2 h after injection (Figs. 
6, 10, 11). However, mice treated with LPS and sTNFR:Fc 
retained TNF in their serum for at least 4 h (Fig. 11). In 
support of these data, we have demonstrated that the 
of labeled TNF is increased approximately fourfold in vivo 
when injected concomitantly with sTNFR:Fc (D. Lynch 
and K. M. Mohler, unpublished observations). These results 
suggest that the sTNFR:Fc protein functions as an effective 
antagonist of LPS induced mortality by acting as a biologic 
buffer for TNF activity. 

When mice were exposed to lethal doses of LPS and low 
doses of sTNFR, which failed to affect mortality incidence, 
serum TNF levels as detected in the L929 bioassay were 
elevated in comparison to control mice receiving LPS alone 
or LPS plus IgG (Figs. 7 and 8). However, despite the fact 
that low doses of sTNFR increased serum TNF activity, no 
agonistic activity in terms of mortality could be demon- 
strated when low doses of sTNFR were administered in 



conjunction with an LD^o dose of LPS (Fig. 12) (data not 
shown). These data indicate that the agonistic effects on 
serum TNF activity obtained in vivo in the presence of 
sTNFR were distinct from die effects of sTNFR on LPS- 
induced mortality. Alternatively, the sTNFR may function 
as an agonist only with lethal doses of LPS. If the latter 
hypothesis is correct, then lower (nonlethal) doses of LPS 
may induce sufficient quantities of endogenous soluble 
TNFR so that the administration of exogenous sTNFR:Fc 
molecules would have relatively minor additional biologic 
impact. 

Several types of TNFR/antibody-based fusion proteins 
have been described and tested for efficacy in murine LPS- 
induced mortality models (38, 39). These TNF antagonists 
include the molecule employed in the present study, com- 
posed of the extracellular portion of the p80 cell-surface 
receptor linked to the Fc region of human IgGl, as well as 
molecules consisting of fusions between the extracellular 
portion of the p60 TNFR combined with the Fc region of 
eitiier human IgGl (38) or human IgG3 (39). The dose of 
p60 sTNFRrFc (4 to 20 ptg) (38, 39) and the dose of p80 
sTNFR:Fc (10 to 100 ^utg) (Fig. 3) required to demonstrate 
efficacy are similar. However, efficacy of the different con- 
structs was influenced substantially by the timing of ad- 
ministration relative to lethal LPS injection. The p80 
sTNFRrFc (human IgGl) construct was efficacious when 
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FIGURE 12. Administration of low 
doses of sTNFR:Fc Is not detrimental to 
the host. BALB/c mice received an 
LD(^ dose of LPS (300 pg) premixed 
with low doses of sTNFR:Fc or human 
IgC. Survival was monitored at least 
once a day for 5 days. 
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administered as late as 3 h after LPS administration (Fig. 
5). However, a sTNFRrFc fusion protein consisting of the 
p60 sTNFR coupled to human IgGl was effective only if 
administered within 1 h after lethal LPS injection (38). In 
contrast, preliminary reports utilizing the p60 sTNFR cou- 
pled with human IgG3 indicated that partial benefits were 
obtained as late as 3 h after LPS injection (39). Thus, sig- 
nificant differences exist between the published abilities of 
different sTNFR:Fc fusion proteins to function after LPS 
administration, and these differences do not appear to cor- 
relate with either the particular sTNFR (i.e., p60 or p80) or 
with the subclass of human IgG utilized for the fusion pro- 
, tein. 

The relationship between serum TNF activity and effi- 
cacy of the sTNFR:Fc molecule had not been established 
before the present study. Given the ability of sTNFRrFc to 
function effectively when administered as late as 3 h after 
LPS injection (Fig. 5), it was somewhat surprising to ob- 
serve that the vast majority of detectable serum TNF ac- 
tivity had already passed by 3 h (Fig. 6). A number of 
hypotheses, which are not necessarily mutually exclusive, 
may explain these results. First, the length of time that TNF 
must be bound to its cell surface receptor prior to the in- 
duction of an irreversible biological effect such as cell lysis 
is unknown. However, studies by Engelberts et al. (40) sug- 
gest that TNF must be present for extended periods of time 
to achieve maximal biologic activity in vitro. Thus, 
sTNFR:Fc may be able to compete for TNF which has 



already bound to the cell surface and, in effect, dislodge it 
before the interaction has occurred for a time sufficient to 
result in complete biologic signaling. In this regard, the rate 
of dissociation of radiolabeled TNF from its cell surface 
receptor in vitro is increased in the presence of either un- 
labeled TNF (41) or the dimeric sTNFR:Fc (C. Smith, un- 
published results). Second, LPS-induced mortality may re- 
sult from the cumulative effect of TNF. Thus, inhibition of 
the small amount of TNF present late in the time course 
might be sufficient to prevent mortality. Third, the thera- 
peutic potential of the sTNFR:Fc molecule may not be re- 
lated solely to the removal of serum TNF activity. The 
sTNFRrFc molecule could function by inhibiting TNF ac- 
tivity in extravascular sites. Finally, LPS-induced toxicity 
may be mediated at least in part by TNF expressed on the 
cell surface, which may be masked in the presence of 
sTNFR:Fc. Regardless of the mechanism of efficacy of the 
sTNFR:Fc molecule, there is a relatively small window of 
time, 3 to 4 h after LPS injection, during which serum TNF 
levels are low and administration of the sTNFRiFc mole- 
cule is still efficacious. These results also suggest that se- 
rum TNF levels may not always be a good prognostic in- 
dicator for the clinical efficacy of the sTNFRiFc molecule. 

Soluble TNF-binding proteins have been recovered from 
the urine of normal humans (42, 43) and appear at elevated 
levels in the serum of cancer patients (44, 45) and in re- 
sponse to endotoxin challenge (46). The biologic role of 
these TNF-binding proteins is currently under investiga- 
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tion. Previous investigators have demonstrated that TNF 
spontaneously loses activity in vitro and, under some cir- 
cumstances, soluble p60 and p80 TNFR can prevent its 
spontaneous degradation, thereby enhancing the biological 
longevity of TNF (47). Our experiments demonstrated that 
a sTNFR monomer can function as an agonist of serum 
TNF activity in vivo and a sTNFR:Fc molecule could act 
either as an agonist or antagonist of serum TNF levels in 
a dose dependent fashion. Thus, the biologic effect of the 
soluble TNF-binding proteins isolated from humans will 
probably vary depending upon the relative concentration of 
TNF and sTNFR. This concept is supported by recent data 
of Girardin et al. (48), demonstrating increased concentra- 
tions of both TNF and soluble TNFR in the serum of septic 
patients. In that study, higher ratios of soluble TNFR to TNF 
correlated with increased probability of survival. 

These experiments indicate that the sTNFR:Fc molecule 
is an effective antagonist of LPS-induced septic shock and 
are in agreement with a number of studies that have shown 
the beneficial effects of antagonizing TNF activity in sepsis 
with either antibody (1-3) or soluble receptors (38, 39). In 
aggregate these results indicate that TNF plays a central 
role in mediating the lethality associated with sepsis. How- 
ever, several lines of evidence suggest that the role of cy- 
tokines in sepsis is not yet fully understood. First, antag- 
onism of several cytokines other than TNF (e.g., IFN-7 and 
IL-1) can also lead to beneficial results (49, 50). Second, 
anti-TNF antibodies have been reported to have variable 
therapeutic potential in models of endotoxemia, cecal li- 
gation and puncture and bacterial sepsis (51-53). Further 
experimentation will be required to determine whether or 
not the sTNFR:Fc molecule also displays the same spec- 
trum of efficacy. However, the results presented here sug- 
gest that the sTNFR:Fc molecule may be a useful thera- 
peutic agent for sepsis and other inflammatory diseases. 
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